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ABSTRACT OF THE DISSERTATION 
LAND USE/ LAND COVER DRIVEN SURFACE ENERGY BALANCE AND 
CONVECTIVE RAINFALL CHANGE IN SOUTH FLORIDA 
by 
Hari Prasad Kandel 
Florida International University, 2015 
Miami, Florida 
Professor Assefa M. Melesse, Major Professor 
Modification of land use/land cover in South Florida has posed a major challenge in the 
region’s eco-hydrology by shifting the surface-atmosphere water and energy balance. 
Although drainage and development in South Florida took place extensively between the 
mid- and late- 20th century, converting half of the original Everglades into agricultural 
and urban areas, urban expansion still accounts for a dominant mode of surface cover 
change in South Florida. Changes in surface cover directly affect the radiative, 
thermophysical and aerodynamic parameters which determine the absorption and 
partitioning of radiation into different components at the Earth surface. The alteration is 
responsible for changing the thermal structure of the surface and surface layer 
atmosphere, eventually modifying surface-induced convection.  
This dissertation is aimed at analyzing the extent and pattern of land cover change in 
South Florida and delineating the associated development of urban heat island (UHI), 
energy flux alteration, and convective rainfall modification using observed data, remotely 
sensed estimates, and modeled results. 
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Urban land covers in South Florida are found to have increased by 10% from 1974 to 
2011. Higher Landsat-derived land surface temperatures (LST) are observed in urban 
areas (ܮܵܶ௨ି௥ =2.8°C) with satisfactory validation statistics for eastern stations (Nash-
Sutcliffe coefficient =0.70 and R2 =0.79).  Time series trends, significantly negative for 
diurnal temperature range (DTR= -1°C, p=0.005) and positive for lifting condensation 
level (LCL > 20m) reveal temporal and conspicuous urban-rural differences in nocturnal 
temperature (ΔTu-r = 4°C) shows spatial signatures of UHI.  Spatially higher (urban: 3, 
forest: 0.14) and temporally increasing (urban: 1.67 to 3) Bowen’s ratios, and sensible 
heat fluxes exceeding net radiation in medium and high-intensity developed areas in 2010 
reflect the effect of urbanization on surface energy balance. Radar reflectivity-derived 
surface-induced convective rainfall reveals significantly positive mean differences 
(thunderstorm cell density: 6/1000 km2 and rain rate: 0.24 mm/hr/summer, p <0.005) 
between urban and entire South Florida indicating convective enhancement by urban 
covers.  
The research fulfils its two-fold purposes: advancing the understanding of post-
development hydrometeorology in South Florida and investigating the spatial and 
temporal impacts of land cover change on the microclimate of a subtropical city.  
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Chapter 1  
Introduction 
1.1 Background 
Rapid urbanization has continued globally over the last 200 years and is an inevitable 
process for the future in an increasingly industrialized society. The world’s population 
living in urban areas has increased from 2% in 1800, 14% in 1900, 30% in 1950 (Wu, 
2010) to 54% in 2014 which is projected to rise to 66% by 2050 (UN, 2014). Increase of 
urban population demands the conversion of natural lands to developed lands which 
results in several environmental perturbations. The influence of urbanization on long-
term temperature records has been detected for cities with populations less than 10,000 
(Karl et al., 1988). Heterogeneous surface covers with their varied thermal characteristics 
in urban areas have major implications on energy and water budgets of the surface, and 
stability and structure of the boundary layer atmosphere. The presence of an insulating 
layer of vegetation reduces solar heat storage in wet and forested areas (Oke, 1978), 
whereas effective storage occurs in the stone, concrete, asphalt and deeper compacted soil 
layers in the urban areas. Such storage together with the heat expelled from the city 
creates a strongly positive heat balance in urban areas (Landsberg, 1970) called an urban 
heat island (UHI). Rainfall over and/or downwind of urban areas is found to be enhanced 
in intensity if the UHI gradient is strong enough to create a pressure field setting a 
concentric breeze into motion (Landsberg, 1970; Dixon and Mote, 2003; Shepherd and 
Burian, 2003). South Florida, undergoing recent urbanization at an expense of natural 
vegetated wild lands, and being surrounded by sources of sea and lake breezes, makes a 
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unique site for this study that aims to analyze alteration of surface-induced water and 
energy exchanges triggered by human intervention. 
Changes in land use/ land cover introduce changes in physical, radio-thermal, and 
aerodynamic properties that determine the radiation and thermal characteristics of the 
surface. Albedo, emissivity, thermal conductivity, specific heat, density, and roughness 
length are important factors. The literature suggests that thermal conductivity and specific 
heat are lower, and aerodynamic roughness lengths are higher, in urban areas compared 
to water and wetlands (Arya, 2001; Oke, 1978). Aerodynamic roughness of the urban 
buildings is reported to reduce the wind speed by 25% which increases the convective 
efficiency (Landsberg, 1970). Surface cover materials, hydrology, and vegetation 
transpiration characteristics also affect partitioning of net radiation into latent and 
sensible heat fluxes (McGuffie et al., 1995). Typical average values of Bowen’s ratio, the 
ratio between sensible and latent heat fluxes, is 0.1 for tropical oceans, 0.1 to 0.3 for 
tropical wet forests, 0.4 to 0.8 for grasslands, 0.75 to 2 for urban areas with lawns and 
trees, and greater than 2 reaching maximum value of 6 for dry urban areas (Oke, 1978). 
The availability of water and nature of exchange surfaces primarily control these fluxes. 
The ground heat flux component is also expected to increase in urbanized areas.   
The land covers in South Florida have undergone great changes in the mid- to late-20th 
century. The transformations that began in early 1900s were stimulated by a rapid growth 
of population and need for a flood control system. During the construction of the Central 
and South Florida project to build drainage and water management structures between 
1948 and 1975, there has been extensive transformation of wetlands converting almost 
half of the original Everglades to agricultural and urban uses (McVoy et al., 2011). 
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Predominantly pine forest areas and part of the wetlands of the natural landscape have 
been converted to the current land use patterns including mixed agriculture, cities, roads, 
residential areas, and urban complexes (Marshall et al., 2004). The sequences of these 
conversions imposed by diversion of natural flow through canals, and confinement of 
free surface water into the water conservation areas have had huge impacts on the 
hydrologic regime and ecological health of the region. The surface hydrologic budget of 
the managed system is dominated by stored and channelized flows as opposed to 
widespread evapotranspiration and downward infiltration of the pre-drainage Everglades. 
Disappearance of wetlands, soil subsidence, severe droughts resulting into fire posing 
extreme stress on wild life, and salt water intrusion in the underlying aquifers are some 
major problems already being observed. Motivated by these challenges, this dissertation 
work focuses on the hydrologic part of the impact.   
As opposed to the general tendency of rural to urban reduction of albedo, a peculiarity 
that urban albedo is higher compared to surrounding water, wet, and vegetated surface  is 
observed in South Florida (Kandel et al., 2015). Also, apparent thermal inertia, a 
representative term for thermal conductivity, specific heat, and density of the materials, is 
estimated to be nearly the same or higher in urban areas compared to water bodies and 
wetlands (Kandel et al., 2015). These specifics highlight the role of thermal inertia, 
aerodynamic roughness, and emissivity in urban heating in South Florida,  
More than 50% of the land area in South Florida is occupied by water bodies and 
wetlands. South Florida loses 70–90% of its rainfall through evapotranspiration annually 
(Duever et. al., 1994). Suffering from fragmentation, drying, vegetation loss, wetland 
shrinkage, anthropogenic encroachment and consequent environmental degradation, 
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South Florida now hosts the world’s largest wetland restoration project, the project 
Comprehensive Everglades Restoration Plan (CERP) (Sklar et al., 2001). Even with the 
restoration efforts in place, urban expansion and shrinkage of natural lands, principally 
the rangelands are still ongoing processes in South Florida. Just between 1975 and 1986, 
about 2000 km2 of natural areas were converted to anthropogenic purposes in the region, 
accounting 13% of the natural lands of 1975 (Walker et al., 1997).  
It is possible that the replacement of wet and forested lands by agricultural and urban 
covers in South Florida results in an increase of Bowen’s ratio in those converted areas 
thereby increasing the land surface temperature. Such high temperature areas may act as 
convergence centers for breezes in motion and modify the distribution and intensity of 
surface-induced convection. The thermally-induced circulation rises at the center and 
subsides over the surroundings with a motion that is radially inward toward the city 
center at lower levels and outward from the city center at upper levels (Arya, 2001). 
Since thunderstorms related to convection are one of the two phenomena primarily 
responsible for the wet season rainfall in South Florida (Pielke, 1974), variation in 
surface-driven convective rainfall, most likely in the outer fringe of cities, could impact 
the overall wet season rainfall. An assessment of post-drainage land cover change and 
associated modifications of the states and fluxes of water and energy between surface and 
atmosphere in South Florida is, therefore, believed to provide insight into the human- 
modified microclimate. The results may also benefit water management agencies in 
evaluating the progress of restoration.  
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1.2 Problem Statement 
A complete understanding of the unique behavior of different land covers towards water 
and energy fluxes would require observations of surface-level temperatures, energy 
fluxes, and purely convective precipitation at high spatial resolution and over long 
temporal periods. Although relatively widespread distributions of temperature and 
precipitation stations exist in the study area, there are no observations of energy flux 
made in the urban, agricultural, and transitional lands, which precludes both land cover-
wise and temporal comparison. There are only a few eddy covariance towers to measure 
energy flux installed and maintained in South Florida by United States Geological Survey 
(USGS), Florida Coastal Everglades Long Term Ecological Research (FCE LTER), and 
Ameriflux. The towers are restricted within the geographic boundary of the natural 
Everglades and have captured the data only for a limited number of years.  To overcome 
the shortcoming of data scarcity, there are two commonly used approaches: numerical 
modeling and remote sensing estimates.  
Influence of landscape change from pre-1900 to 1993 land cover conditions on sensible 
weather in Florida was modeled and modifications were found in latent and sensible heat 
fluxes as well as in thermally-induced sea breeze circulations (Marshall et al., 2004; 
Pielke et al., 1999). Appropriate parameterization of land use land cover in land surface 
numerical models is a big challenge because, first, representing small scale features in the 
model domain is almost impossible, and second, error propagation in the models increase 
end-results’ uncertainty. The computing and time resources required by three-
dimensional numerical models for a large area like South Florida further complicate the 
modeling choice. In the present study, we combined meteorological station records, and 
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Landsat surface reflectance and brightness temperature products to estimate land surface 
temperatures, surface albedos, surface emissivities, and components of energy fluxes. 
Likewise, radar reflectivities above 40 dBZ for synoptically-benign summer afternoons 
are used to estimate locally-induced convective storms. This combined approach helped 
make the analysis straightforward by fulfilling the data requirements, complementing the 
observed records, and providing the results in higher spatial resolutions for reasonably 
long periods.  
1.3 Previous Studies and Rationale for the Present Work 
Several previous studies that carried out similar work were reviewed, methodological 
gaps and unaddressed issues were identified, and new approaches are proposed for this 
study. 
The literature shows credible evidence of a link between urban land cover and surface 
temperature increase (Kalnay and Cai, 2003), cloud enhancement (Inoue and Kimura, 
2004), and precipitation anomalies (Collier, 2006; Hand and Shepherd, 2009; Kaufmann 
et al., 2007; Shepherd, 2005). Impacts of urban development on local weather- especially 
UHI- have been demonstrated by several previous studies in major cities across the globe 
(e.g., Bornstein, 1968; Oke, 1973; Draxler, 1986; Balling and Cerveny, 1987; Lo et al., 
1997; Bornstein and Lin, 2000; Morris et al., 2001; Collier 2006).  Influences of 
urbanization on temperature within United States are imprinted well on minimum 
(compared to maximum or mean) temperature records (Karl et al., 1988). Following the 
suggestions made by (Runnals and Oke, 2000) that UHI are greatest in summer because 
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of enhanced rural cooling rate during these months, this study uses daily minimum 
temperatures from May to October.  
Land surface temperature (LST) estimated from Landsat was found to have accuracy 
within 1°C (Li et al., 2004).  
Previously in South Florida, water and energy balance studies have focused primarily on 
estimation of evapotranspiration (ET). Direct measurements of ET using lysimeters, 
Bowen’s ratio approach, and computational software with a water balance approach 
based on input from weather station records (Abtew, et. al., 2003) are some examples of 
the past research. Two distinct areas of increased sensible heat flux were shown by an 
atmospheric model in South Florida that compared pre- and post-drainage land-use data. 
These areas shown by Marshall et al. (2004) corresponded to the areas that were drained 
and converted to agricultural use, and the areas of urban development.  From a remote 
sensing study, Melesse et al. (2007) found a significant increase of fractional vegetation 
cover and latent heat flux along the restoration axis of the Kissimmee River Basin. Their 
study shows the potential of remote sensing methods to comprehend the drainage and 
restoration impacts on heat exchange.  
Urban rural differences of precipitation were initially recognized mainly in two ways: 
temporal analysis by comparing pre-urban and urban precipitation in an area, and spatial 
analysis by comparing precipitation amounts in gauges within and beyond the city. 
Changnon (1962) analyzed 10-year mean annual isohyetal maps based on a network of 
gauges within and beyond the city limit in Urbana-Champaign, Illinois and depicted 
increased precipitation at the eastern boundary of the urban area.  A research on a widely- 
known feature, La Porte Anomaly, noted the great increase in annual rainfall at the small 
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town of La Porte, about 60 km to the east of the Chicago industrial areas. The rainfall 
increase coincided with increased steel production.  A five-year project, the Metropolitan 
Meteorological Experiment (METROMEX), a major field observation program centered 
on St Louis, Missouri, studied the effects of the urban-industrial complex on the urban 
environment and showed that the St. Louis metropolitan area fuels summer–time 
thunderstorms (Huff and Vogel, 1978).  Shepherd et al. (2002) found that Atlanta 
produced a 19.5% increase in precipitation downwind of its metropolitan area when 
compared with upwind control area during the warm seasons of 1998-2000. In a study of 
urban-induced rainfall anomalies in a coastal city, Shepherd and Burian (2003) detected a 
rainfall anomaly in the warm season, but not in annual distribution and explained it as the 
result of interaction between UHI -induced mesoscale convergence-circulation pattern 
and the sea breeze circulation. The factors enhancing the convection were suggested to be 
UHI intensity, increased urban roughness, and urban boundary layer instability 
(Vukovich and Dunn, 1978; Hjemfelt, 1982).  
A summer-time (May-August) radar image analysis during both day and night hours from 
2000 to 2009 in the Indianapolis urban area concluded that positive buoyancy within the 
urban environment causes more changes in storm composition during the day than during 
the night (Niyogi et al., 2011).  Ashley et al. (2012) used high resolution radar-based 
climatology for warm season convection in Southeastern U.S. cities and demonstrated 
significant details of urban effects on thunderstorm frequency and intensity. Aforesaid 
radar studies are the motivation for the present work to extend the analysis to an eighteen 
year-long (1995-2012) period in South Florida. 
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Studies that verify the development of UHIs for a humid subtropical city at land surface, 
surface-air interface, and surface layer atmosphere were lacking. Therefore, a 
combination of daily minimum near-surface air temperatures, Landsat-derived surface 
temperatures, and a Radiosonde-based analysis are used in this study so that the existence 
of an UHI in the South Florida region can be examined. Furthermore, an effort has been 
made for the first time to provide physical representation of small-scale land features by 
combining the parameters obtained from observed and remotely-sensed data sources. 
Combined data help to elucidate the details of spatial and temporal variation of energy 
flux components in South Florida. Also, analysis of base radar reflectivity and derived 
intensity of convective rainfall from the seasons and times of the day that are more 
conducive to UHI-induced circulation over a long period of time for a sub-tropical city is 
an innovative approach used in this study.  
1.4 Hypothesis 
It is hypothesized that with the increased urban cover in South Florida, Landsat-derived 
estimates would closely approximate increases in sensible heat flux and increases in land 
surface temperatures. Similarly, radar-based estimates would reveal an enhancement of 
convective rainfall in urbanized South Florida.  
1.5 Objectives 
Specific objectives of this study are to: 
1) analyze  land use land cover change in South Florida representing different stages 
of post-drainage conditions 
2) analyze UHI in south Florida on land surface and surface layer atmosphere levels 
for the same temporal coverage as used for land use land cover change analysis 
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3) estimate surface energy balance and evaluate its temporal and spatial variation 
4) examine the effect of any UHI on convective rainfall in South Florida 
1.6 Structure of the Dissertation 
The dissertation is organized into five chapters. Chapter one is the introduction of the 
study that incorporates the background, problem statement, study significance, 
hypothesis, objectives of the study, and the organization of the manuscript. The chapter 
generally outlines the conceptual framework of the entire study and attempts to address 
how the current study advances the existing knowledge of land use impacts on sensible 
weather. Chapters two to four address the findings of objectives two to four, respectively, 
and chapter five contains conclusions and recommendations. 
Chapter two to four are each organized into introduction, study area and dataset, methods, 
results and discussion, and conclusion and recommendations sections. The introduction 
overviews the research questions and statement of problem, refers to previous findings, 
and sketches a route along which the current study takes the research further. The study 
area and data set section describes the South Florida from the perspective of 
corresponding objectives including the source and type of the data. The methodology 
sections basically outline the details of how the data are processed and fed into the 
algorithm, what algorithms are used, how the results are prepared and what statistical 
techniques are used to interpret the results. The results and discussion sections present the 
findings of the study in textual, graphical, and tabular forms and discuss how the current 
results are relevant in terms of specified objectives. A connection with the previous 
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findings and any improvements from there are also included. The last section makes 
remarks on the major findings and suggests a direction for future studies.  
The final chapter is the conclusions and recommendations which links the conclusions 
from individual chapters in order to address the broader quest of how land cover change 
in South Florida affects its microclimate. Whether the methods adopted performed well, 
and if not, the limitations that restricted the performance of the model are identified. The 
same chapter sheds light on what the future directions of research should be guided by 
the conclusions and limitations of the current study. 
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Chapter 2  
Delineation of Urban Heat Island in South Florida Using Land-Based Stations, 
Radiosonde Profiles, and Landsat Imagery 
 
Kandel, H., A.M. Melesse, and D. Whitman (2015) Delineation of the Urban Heat Island 
in South Florida Using Land-Based Stations, Radiosonde Profiles, and Landsat Imagery, 
(submitted) 
Abstract 
Decades-long effects of drainage and development in south Florida that began in early to 
mid-20th century have resulted in the loss of natural forested lands and rangelands, and 
expansion of agricultural and urban areas. These land cover changes have brought a 
change in the thermalscape of the surrounding areas. The surface and near surface layers 
become drier and warmer in anthropogenic land covers compared to the natural ones, 
introducing an effect called the Urban Heat Island (UHI). The present study aims to 
delineate the spatial and temporal existence of the UHI on the land surface and near 
surface atmosphere during the summer using land use/land cover data, surface based 
weather station records, radiosonde profiles, and Landsat–5 TM images mainly after 
1970’s in south Florida. Urban cover is increased by ≈10% from 1974 to 2011. Stations 
in and around urban and agricultural covers are found with higher daily minimum 
temperatures (ΔTu-r = 4°C) showing gradual increase through time. Decreasing near 
surface diurnal temperature range (DTR), and heightening lifting condensation level 
(LCL) (-~1°C DTR, p=0.005 and > 20 m increase in LCL) are detected from Miami 
radiosonde. Higher Landsat-derived land surface temperatures (LST) for urban stations 
(ܮܵܶ௨ି௥ =2.8°C) and satisfactory validation results from the eastern urban stations (NSC 
=0.70, R2=0.79) further substantiate the findings on UHI explored by the observed data.  
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2.1. Introduction 
Since the second half of the 20th century, there have been dramatic changes in the land 
use of south Florida. Drainage of Everglades has altered south Florida from a subtropical 
wetland to a landscape dominated by anthropogenic activities. Suffering from 
fragmentation, drying, vegetation loss, wetland shrinkage, anthropogenic land expansion 
and consequent environmental degradation, south Florida now hosts the world’s largest 
wetland restoration project (Sklar et al., 2001). Beginning extensively in the mid-20th 
century, anthropogenic alteration of land cover is still an ongoing phenomenon in south 
Florida. Removal of vegetation cover, change in land use options, and introduction of 
urban fabrics greatly influence the urban micro-climates (Stabler et al., 2005). The post-
drainage urbanization and crop land expansion in south Florida have made the region an 
ideal study site for examining the human influence on micro-climate. Human-modified 
areas, particularly, the urban built-up and agricultural covers tend to accumulate large 
heat content because of their low albedo and reduced emissivity. Stored heat is released 
later through conduction and convection, warming the surrounding environment Collier, 
2006). Resulting higher temperatures in the urban environment compared to their rural 
counterpart is an immediate effect called the urban heat island (UHI). The dryness caused 
by UHI on the surface heightens the lifting condensation level (LCL) in the boundary 
layer characterized by the height at which an ascending air parcel from the surface first 
becomes saturated. The persistence of this dryness during the evening depends on how 
much heat was stored during the day, because after sunset net radiative loss of energy 
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from the surface forms a temperature inversion (Arya, 2001). Therefore, the LCL in early 
to late evening hours can be used as an approximation of the day-time strength of an 
UHI.   
After the initial recognition of the UHI by Howard (Howard, 1818), the effect has been 
documented in several studies from various cities around the world (e.g., Balling and 
Cerveny, 1987; Bornstein, 1968; Bornstein and Lin, 2000; Chow and Svoma, 2011; 
Collier, 2006; Dixon and Mote, 2003; Draxler, 1986; Lo et al., 1997; Morris et al., 2001; 
Oke, 1973; Stewart and Oke, 2012).  Lower specific heat and higher thermal 
conductivities of impervious land surfaces and anthropogenic materials than that of rural 
areas, reduced evapotranspiration from dry areas, and additional heat discharge from 
human activities are considered to be the main factors contributing to the development of 
the UHI (Kato and Yamaguchi, 2007).  Stone, concrete, asphalt and deeper compacted 
soil layers of the city decrease heat capacities, but increase heat conductivities compared 
to water and vegetation. Peak of diurnal surface temperature wave on a sunny day 
attenuates at a depth of 20 – 40 cm from the surface under a light vegetation cover, 
whereas the equivalent peak in compacted pavement penetrates to 80-100 cm (Landsberg, 
1981). Rapid runoff of precipitation and reduction in evaporation that characterizes an 
urban area is also equivalent to heat gain. Local heat produced from fossil fuel burning; 
air-conditioning units; and metabolic activities of human and animals also contribute to 
additional heat production (Oke, 2002).  
Apart from the thermo-physical inputs, (Landsberg, 1970) mentions that reduced wind 
speed by increased aerodynamic roughness together with reduced albedo caused by 
insolation trapping by tall buildings in cities also intensifies the UHI. Addition of a 
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building in a landscape modifies the radiative, thermal, and aerodynamic environment of 
the surrounding and redistributes its moisture status. Radiative effects occur in the form 
of local increases and/ or decreases of short wave and long wave radiations. Areas in 
shadow receive less solar radiation, sunlit walls reflect the sunlight thus increasing solar 
receipt locally, and surfaces near the building reduce net long-wave cooling by 
decreasing upwelling long-wave radiance from reduced sky view factor and by increasing 
down-welling long-wave radiance from warmer buildings (Oke, 2002). In contrast, in 
vegetated rural areas, there is loss of incoming radiation in the routes of reflection, and 
evapotranspiration thereby leaving less radiation for surface heating.   
The existence of an urban heat island affects the city residents in number of ways. It 
contributes to the cooling load; and increases thermal discomfort, and air pollution. The 
UHI have also proven to be an inducing factor for convective rainfall in the cities, thus 
changing the local hydrology (Changnon, 1968; Landsberg, 1970; Huff and Changnon, 
1972; Shepherd and Burian, 2003). 
Considerable research over many years have quantified micrometeorological impact of 
land cover using surface-based weather station measurements (Karl et al., 1988; Tarleton 
and Katz, 1995) remote sensing based estimates (Gallo et al., 1993; Balling and Brazel, 
1988; Kim, 1992; Roth et al., 1989) and modeling approaches (Baik, 1992; Baik et al., 
2001). While the simple difference in air temperature from urban and rural stations may 
express the existence of an UHI, the magnitude of the difference and its spatio-temporal 
pattern is needed to discern the intensity, distribution and evolution of the impact. 
Weather stations are point measurements which do not reflect the wide range of surface 
properties, and also their records may be location biased particularly for airport stations.  
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Modeling of the influence of landscape change from pre-1900 to 1993 land cover 
conditions on sensible weather in Florida found modifications of latent and sensible heat 
fluxes and thermally induced sea breeze circulation (Marshall et al., 2004; Pielke et al., 
1999). Appropriate parameterization of land use/ land cover in land surface models is a 
big challenge.  Characterization of small scale complexities in urban surfaces such as 
pitched roofs, variable building height, and urban vegetation is not possible in numerical 
models because of inadequate grid resolution, which the spatial models can depict well 
with advanced descriptions (Voogt and Oke, 2003). Also, an incomplete understanding of 
whether models capture the contrast between natural and anthropogenic land cover in 
sufficient detail is another hindrance of coupled land surface -atmospheric regional 
models (Pielke, et al., 2011). The model accuracy always has to be compromised with its 
simplicity.  
In the present study, we delineate anthropogenic heat island in south Florida utilizing 
three different sources of data: meteorological station records, radiosonde observations, 
and Landsat 4-5 Thematic Mapper imageries. The approach captures the space-time 
variability of land surface properties, surface and near-surface air temperatures, and 
resulting modifications on atmospheric surface layer.  The findings of (Oke, 1979) that 
the influence of micro-scale features related to land use and building density prevail in 
the internal pattern of the heat island of cities also motivates the present study.  Following 
the suggestions made in recent works (Hawkins et al., 2004), the study also investigates 
the variability of rural temperature fluctuations so that estimates of the magnitude of the 
UHI signatures could be complemented.  High spatial density of weather station 
distribution in south Florida, and availability of nearly 30 years of satellite observations 
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are two key factors that support the approach used in the current study. The specific 
objectives are to (1) analyze Landsat era land use/ land cover patterns in south Florida 
and quantify its change through time, (2) analyze the pattern and evolution of surface, 
and near surface air temperature and atmospheric surface layer structure in south Florida, 
and (3) compare urbanization and its signature on temperature, thus delineate the 
development of UHI. The study is distinctive in the sense that previous works on UHI 
have paid less attention to coastal cities attributing coastal breezes to neutralize the UHI 
intensity. Use of high resolution spatial data can delineate micro-scale development of 
the UHI within land areas which are not affected much by the coastal breezes.  
2.2 Study Area and Dataset 
2.2.1 Study Area 
South Florida (Figure 2.1) encompasses a total land area of 3,6000 km2  bordered by Lake 
Okeechobee in the mid-North, the Gulf of Mexico in the West, Florida Bays and Keys in 
the South, and Atlantic Ocean in the East. Characterized by heterogeneous mosaics of 
surface cover types, south Florida comprises a prominent wetland basin, the Everglades; 
tall pine, cypress and dwarf forests; agricultural crop and rangeland; natural and artificial 
lakes, and impoundments; estuaries and coastal landforms; and urban developed areas. 
The eastern part encloses the most populated cities of south Florida, Miami, Fort 
Lauderdale and West Palm Beach. Total estimated population of three eastern urbanized 
counties Palm Beach, Broward and Miami-Dade in 2013 was 5.7 million (US Census 
Bureau), a 70% increase from 1980.   
Hydrology is a major determinant of community and landscape structure in south Florida 
connecting natural and man-made systems (Obeysekera et al., 1999). South Florida is 
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characterized by subtropical climate with less variation in summer to winter temperature 
(mean maximum daily temperatures range: 22°C to about 30°C) in comparison with the 
high seasonality and spatiality of rainfall (average annual rainfall of 152 to 165 cm in 
Atlantic coastal ridge and 88 to 114 cm in the Florida Keys).  
 
Figure 2.1 Map of study area basins showing locations of data stations, focused counties, 
and Landsat image coverage in South Florida. 
2.2.2 Dataset 
An analysis of the UHI becomes complete when it incorporates the land use pattern in 
space, its evolution through time, and associated changes in surface and boundary layer 
temperature. The data for the surface and near surface air temperature distribution for 
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each land use categories, and boundary layer temperature profile through time were 
acquired as discussed below.  
2.2.2.1 Land Use/Land Cover 
Three land use/ land cover datasets from south Florida for the years 1974, 1992, and 2011 
are employed in this analysis. Land use of 1974 represents the historical land use/ land 
cover data of 1970s. The United States Geological Survey (USGS) originally collected 
these data using base maps and images from the 1970s and later modified and edited by 
USGS and US Environmental Protection Agency (USEPA) to produce the enhanced 
version (Price et al., 2006). The USGS used 1:250,000 scale topographic maps as base 
maps and NASA high altitude aerial photographs and National High-Altitude 
Photography program’s air photos usually at scales smaller than 1:60,000 as land use 
source data (Links, 1999). The land use land cover classification standards follow the 
USGS Land Use/ Land Cover (LU/LC) classification format. The USGS format uses the 
Anderson level I classification system (Links, 1999), which classifies south Florida land 
cover into the following LUCODE 1 classes: Urban/built up, Agriculture, Rangeland, 
Forest, Water, Wetland, and Barren. The system has a hierarchical system of 
classification such that LUCODE 2s are the subclasses of LUCODE 1.  
National Land Cover Dataset (NLCD) of 1992 and 2011 are the two other datasets used 
for the comparative analysis. The NLCD is considered as an update to the intermediate 
scale land use and land cover dataset developed in 1970s (Vogelmann et al., 2001)]. Both 
of these data have a 30 m spatial resolution and are derived primarily from the Landsat-5 
TM. The classification system of NLCD follows a consistent hierarchical approach 
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defining 18 classes of land cover across south Florida which later merged into seven 
major classes to enable comparison with 1974 land use.  
2.2.2.2 Near-Surface Air-Temperature 
Historical temperature records for different length of time periods are available in several 
South Florida meteorological stations. Only a few of the stations have data since early 
1900, many of them have post-drainage era data and a very few have short temporal 
range covering time only after 1990. These data have been used in studies of climate 
anomalies, and long-term temperature trend in several previous studies (Duever et al., 
1994, Mitchell, 1912). However, there is a dearth of studies that used this temperature 
record for the detection of urbanization. Seasonal variation of the magnitude of nocturnal 
UHI is reported to be greatest in the summer because of the fact that rural cooling rates 
are more than twice as great in summer compared to winter (Runnalls and Oke, 2000). 
The present study uses the six-month daily minimum temperatures covering extended 
summer period (May to October) for four stations for the purpose of time series analysis 
and for 29 stations for the purpose of spatial interpolation over South Florida obtained 
from Global Historical Climatology Network (GHCN).   
2.2.2.3 Radiosonde Measurements 
A radiosonde measures the vertical profile of pressure, temperature, humidity, wind 
speed and direction and can be used to validate the satellite data as well as the prediction 
model. The present study acquired data from NOAA’s Integrated Global Radiosonde 
Archive for the Miami station (72202) located at 25.75° North latitude, 80.38° West 
longitude, 5 m elevation. A radiosonde captures the vertical profiles twice a day at or 
around 0000 and 1200 UTC. The present study uses base level potential temperature of 
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July sounding at or around 800 and 2000 local time, and base level temperature and 
relative humidity of 2000 local time of June, July, and August sounding. The evening 
sounding is considered useful because the local time in Miami during that hour closely 
corresponds with the reported time of sharp heat island intensity, i.e., three to five hour 
after sunset (Oke, 1982).  
2.2.2.4 Landsat Imagery 
Several studies have utilized satellite derived temperature for urban climate analyses. The 
prospect of urban area identification using satellite derived data was first demonstrated by 
(Rao, 1972). Retrieval of surface temperature in moderate resolution has become possible 
after the addition of thermal bands in Landsat (Vinukollu et al., 2011). Band 6 of Landsat 
is the thermal infrared channel (10.4 –12.5 μm) that measures the upwelling longwave 
radiance from the surface and atmosphere. Land surface temperature is the portion of that 
radiance after atmospheric and emissivity corrections are applied.   
The thermal band of the Landsat has eight bit radiometric resolution, 120 m spatial 
resolution, a 10.4 to 12.5 μm spectral bandwidth, and a 16 day overpass cycle. Previous 
work has estimated the accuracy of estimated LST to be within 1°C (Li et al., 2004). 
Established accuracy from previous temperature estimations, spectrally close to the 
Earth’s maximum irradiating wavelength zone (λmax= 9.7 μm), ability to use half-a-month 
temporal change, and moderate spatial resolution enabling the analysis for smaller land 
cover units make Landsat an adequate remote sensor the present study. In addition, 
Landsat 5 TM is advantageous because of its nearly three decades of data since 1984.  
USGS Climate Data Records’ (CDRs) surface reflectance products are the dataset used in 
the analysis. These data are long-term, consistently processed datasets consisting of two 
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important land surface parameters: land surface reflectance for band 1-5 and 7, and 
brightness temperature for band 6. The CDR surface reflectance products are 
atmospherically corrected Landsat data using an algorithm called Landsat Ecosystem 
Disturbance Processing System (LEDAPS) (Schmidt et al., 2013). The acquired Landsat 
images (Row 15 and Path 42) cover most of the parts of the three eastern counties: Miami 
Dade, Broward, and Palm Beach (Figure 2.1). Two eastern watersheds in South Florida: 
Everglades towards the west and Florida Southeast Coast towards the east are used to 
extract LSTs for the comparison between different land cover categories. The selected 
dates of Landsat CDR imageries along with percentage cloud free pixels obtained from 
cloud mask processing are presented in Table 2-1.  
2.3. Methods 
This section outlines the processes implemented for data processing, algorithm use, 
output preparation and results validation. 
2. 3.1 Summer Minimum Temperature Analyses 
The near surface atmospheric temperature is the primary indicator that reveals the effect 
of the UHI on sensible weather. Influences of urbanization on temperature within United 
States are imprinted well on minimum (compared to maximum or mean) temperature 
records (Karl et al., 1988). The study used daily minimum temperature obtained from 
Global Historical Climatology Network stations located in south Florida for the month 
May to October to calculate the average of minimum temperatures for each of these 
months from 1968 to 2012. Average temperatures from each station for each summer 
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Table 2-1 Selected Landsat CDR imageries with percentage cloud free pixels obtained 
from cloud masking. 
 
Date  
Percent 
Cloud-
Free 
Date  
Percent 
Cloud-
Free 
Date 
Percent 
Cloud-
Free 
05/07/1984 68.53 10/15/1990 87.77 06/20/2000 69.93 
07/10/1984 66.94 06/28/1991 67.71 07/06/2000 78.74 
09/02/1986 72.83 05/16/1993 82.81 05/6/2001 67.05 
04/30/1987 97.47 07/03/1993 74.74 08/10/2001 70.71 
10/07/1987 94.61 08/04/1993 73.73 08/26/2001 77.72 
05/18/1988 82.01 05/06/1995 97.02 05/30/2004 90.89 
06/03/1988 96.71 05/22/1995 76.65 05/04/2006 99.57 
08/22/1988 74.79 08/12/1996 75.6 05/20/2006 81.52 
09/23/1988 82.5 09/13/1996 84.23 09/25/2006 90.96 
10/09/1988 70.27 05/14/1998 93.43 10/11/2006 89.86 
10/25/1988 83.53 06/15/1998 84.8 07/10/2007 70.55 
05/21/1989 85.71 05/17/1999 61.74 10/03/2009 90.16 
06/06/1989 54.94 09/22/1999 73.4 10/19/2009 77.55 
07/08/1989 65.34 10/24/1999 97.2 06/16/2010 69.75 
07/27/1990 60.61 05/19/2000 60.19     
 
were later averaged for each decades centering in 1974, 1982, 1992, 2002, and 2012. The 
resulting averages were interpolated using the ordinary Kriging geostatistical method in 
geostatistical analysis wizard of ArcGIS. Eventually, temperature prediction maps were 
produced.  There were total 19 stations available to interpolate for 1974, 1982, 1992, and 
2012 with additional four stations for 2002. A semivariogram model was used with 
default model parameters. The values of nugget ranged from minimum of 0.12 for 2002 
to maximum of 1.10 for 1992. Similarly, lag size was lowest (0.06) for 2002 and highest 
(0.21) for 1974. A very small variation in these model calculated parameters between 
years allowed to confidently compare the interpolated temperatures with acceptable 
accuracy.  
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Also, summer averages of daily minimum temperatures from the four stations 
representing mainly of highly urbanized (Miami International Airport), wet and forested 
(Big Cypress), city surrounded by natural cover (Naples), and agricultural cover (La 
Belle) (Appendix 1) were plotted. Along with these station plots, trend of May-October 
average global temperatures between 1974 and 2012 was also shown. Percentage of each 
major land cover class within the radii of ten kilometer surrounding area was considered 
when categorizing the stations for dominant land cover type. 
2.3.2 Surface Layer Atmosphere 
Base level (in the range of three to seven meters) potential temperature from morning and 
evening (UTC 0000 and 1200 hours) soundings for each July was averaged over 1974-
2010. Only July was chosen because that is the central month of the study season. The 
difference between evening and morning soundings provides a quasi-diurnal temperature 
range. The lowest level observed temperature and relative humidity from radiosonde 
were employed to compute the dew point temperature, and in turn, the lifting 
condensation level. Because the variation in altitude of LCL means the variation of 
cloud-base heights in the surface layer, which in turn is affected by the underlying 
surface cover (Rabin et al., 1990), altitude of LCL variation for the evening hour over the 
study period was calculated as a surrogate of surface layer height using (1) and averaged 
for each summer. 
)1()(125 dttLCL −=  
where t and td are the surface level ambient and dew point temperatures, respectively.  
Since there are no humidity data available between the years 1988 to 1992, LCL height 
could not be computed for those years. The average lowest level temperature and relative 
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humidity from all summer evenings (June to August) were used to calculate LCL height 
for the corresponding summer. 
2.3.3 Derivation of Land Surface Temperature from Landsat 
The surface reflectance CDR data were accessed from the USGS Earth Explorer website: 
http://earthexplorer.usgs.gov/. The step-wise procedure applied for LST estimation was 
as follows: 
i) Application of cloud masking algorithm in the level 1 products 
ii) Derivation of land surface emissivity   
iii) Estimation of land surface temperature   
2.3.3.1 Application of cloud masking algorithm  
Surrounded by major water bodies in all four sides, the sky over the land of south Florida 
is widely known for its notorious cloud cover. The cloud and cloud shadows are the 
significant sources of noise causing imperfect atmospheric corrections, and introducing 
biases in land surface temperatures (Irish, 2000). Landsat images of south Florida 
particularly during summer need to be cloud masked before LST estimation.  
The present study has employed an algorithm called “Fmask (function of mask)” (Zhu 
and Woodcock, 2012). The algorithm Fmask computes the cloud mask, and cloud 
shadows. Spectral images of all seven bands and metadata (MTL) file are the input data 
and a classified image with five classes: clear land, clear water, cloud shadow, snow and 
cloud are the output from this automated algorithm. Fmask also reports the overall 
percentage of clear pixels in the image. It has been found to be more accurate compared 
to other automated methods with overall accuracy of 96.41% (Zhu and Woodcock, 2012).  
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2.3.3.2 Emissivity Estimation 
Out of several methods available, this study used the normalized difference vegetation 
index (NDVI) threshold method proposed by (Sobrino and Raissouni, 2000; Sobrino et 
al., 2008) to compute land surface emissivity (LSE). The method takes two NDVI values: 
0.2 and 0.5 as lower and upper thresholds in order to distinguish between vegetation free, 
mixed and fully vegetated pixels.  The algorithm used to derive the composite emissivity 
is 
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where, a and b are spectral statistical fit coefficients (a= 0.980, and b = -0.042) as used in 
Advanaced Very High Resoultion Radiometer (AVHRR) channel 4 (Sobrino and 
Raissouini, 2000), and ρred is the reflectivity of the red band (equivalent to channel 1 of 
AVHRR). The emissivities εs, and  εv for non-vegetated and fully vegetated pixels were 
used from the literature as 0.97 and 0.985, respectively. The term C accounts for the 
cavity effect which depends on the surface characteristics and takes into account the 
internal reflections (i.e., C = 0) for homogenous flat surfaces. In this case, C was obtained 
as average of the value used by Sobrino and Raissouini (2000) from Channel 4 and 
Channel 5 of AVHRR, and found equal to 0.016-0.012Pv. The variable PV is the 
proportion of vegetation and was computed as in equation (2) for the pixels with NDVI 
intervals between 0.2 to 0.5, setting 0 and 1 for below and above threshold pixels 
according to Carlson and Ripley (Carlson and Ripley, 1997) (Appendix 2).  
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NDVIs and NDVIv are NDVI values for non-vegetated and fully vegetated areas, 
respectively. According to this method, the final equations of emissivity are: 
LSE = 0.980- 0.042 × ρred                       for non-vegetated areas                             (4) 
  LSE = 0.986 + 0.003Pv                            for mixed pixel areas                                 (5) 
       LSE = 0.985+0.005                                 for vegetated areas                                     (6) 
The composite emissivity for the layer was calculated combining individual emissivity 
obtained from (4), (5) and (6) using conditional function of raster calculator in ArcGIS.  
2.3.3.3 LST Estimation and Validation 
The brightness temperature obtained from Climate Data Record was corrected for the 
scale, and conversion to land surface temperature using land surface emissivity was 
carried out employing the method suggested by Weng (Weng and Schubring, 2004). For 
the purpose of excluding cloud, and cloud shadow pixels from the analysis, only clear 
land and clear water pixels (classes 0 and 1 of Fmask output) were assigned with their 
real values of reflectivity and brightness temperature setting nodata otherwise. Figure 2.2 
shows the model in ArcGIS that was used to calculate LST using band 3, 4, and 6 of 
CDR surface reflectance product, and output grid of Fmask. The temperature thus 
obtained were in degrees centigrade.  
The temperatures derived from landsat were validated against the observed temperatures. 
Two sources for observed records, the morning sounding of Miami radiosonde, and daily 
observed temperature of global historical climatology network from south Florida 
stations were used. Although the time difference and elevation difference between 
31 
 
modeled and observed data preclude a robust validation test, it would be reasonable to 
assume that the results become fairly representative in the absence of ground reference 
data. Commonly used statistical parameters Model bias, Nash-Sutcliffe coefficient, and 
coefficient of determination were used to check the performance of the model. A 
relationship between land use land cover and LSTs and their change through time were 
analyzed. The comparable dates in terms of cloud cover and days of the year were 
selected for the LST analysis so that influence of the variations of cloud cover and 
amount of incoming radiation between the dates can be minimized. A statistical 
comparison between observed temperature and extracted LSTs at sixteen different 
weather stations in south Florida on August 26, 2001 was carried out. Both the 
constraints of finding fairly clear image date and an availability of good number of 
station records were considered to pick this particular date.  
2.4. Results and Discussion 
This section explains and rationalizes the results of the spatiotemporal pattern of land 
use/ land cover, summer-minimum temperature, Landsat-derived LSTs; and temporal 
evolution of LCL in south Florida. 
2.4.1 Land Use/ Land Cover  
The polygonal area of land use vectors of the respective years were used for the 
quantitative comparison of land use/ land cover. Comparison was also made visually by 
using their rasterized maps (Figure 2.3).  
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Figure 2.2 Graphic representation of LST model built in ArcGIS showing input data (blue 
ovals), processing tools (orange rectangles), and intermediate and final outputs (green 
ovals). The tools labelled as raster calculators 1, 2 and 3 conditionally evaluate the fmask 
grid and the basin reflectivity for band 3, 4 and 6, respectively. Ratser calculator 4 applies 
the NDVI algorithm. Raster calculator 5 calculates PV as in eq. (3), and 6 evaluates the 
composite PV. Raster calculators 7 and 8 calculate land surface emissivity and land 
surface temperatures, respectively.  
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Table 2-2 Comparisons of South Florida land use land cover by percentage coverage 
of major categories in 1974, 1992, and 2011. 
 
LU/LC Class 1974 (%) 1992 (%) 2011 (%) 
Developed 5.12 11.65 15.59 
Agriculture 21.14 18.77 18.76 
Barren 3.24 0.67 0.22 
Forest 5.41 3.75 1.51 
Range 14.65 8.34 2.29 
Wet  34.97 45.46 52.64 
Open Water 15.46 11.35 9.00 
 
Figure 2.3 Land use land covers comparison in South Florida in 1974, 1992 and 2011. 
Major land use/ land cover changes are found as the increase of urban and built-up (> 
+10%), and wetlands; and the decrease in rangeland and water cover (Table 2-2). Albeit 
in small extent, forest, barren, and agricultural covers have also been shrunk during this 
period. The majority of urban intensification is concentrated spatially in the eastern 
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coastal ridge. Urban expansion is found mainly in three forms: high density residential (> 
5 dwelling units/ acre); transportation, communication, and utilities; and institutional. 
Some of the urban open lands, transitional lands, strip mines and quarries categorized as 
barren lands are found to be decreased. Figure 2.3 shows that the barren lands in the 
western part and agricultural lands in the eastern part are replaced by urban and built-up 
cover in 2011. The loss of agricultural land in the east, however, has been compensated 
by the transformation of rangeland in the western part of south Florida and eastern areas 
of Lake Okeechobee. The shrinkage in rangelands, whose principal cover is grass and 
forbs alongside seasonally inundated dense strand of shrubs, possibly has significant 
impact on surface thermal response. Expansion of wetlands and shrinkage of water cover 
in 2011 may have seemed so partly because of the declining water levels in lakes and 
estuaries in 2011 as that was relatively a dry water year.  Modified classification 
algorithms: a slight modification in NLCD classification system (1992 and 2011) from 
Anderson Level I classification (1974), and slight change in the definition of woody 
wetland in 2011 (vegetation cover of > 20%) from that of 1992 (vegetation cover of > 
25%) may have contributed for the apparent increase of wetland and decrease of open 
water particularly from Biscayne National Park. 
2.4.2 Near-surface Air Temperature  
Figure 2.4 compares the extent and the rate of change of long-term daily minimum 
temperature averaged for summer months plotted from different weather stations in south 
Florida representing various land cover (Appendix 1). Miami International Airport, in 
which the surrounding urban land cover within the radius of 10 km increased from 75% 
in 1974 to 88% in 2011, exhibits the highest minimum temperature. Naples, with a switch 
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of the dominant surrounding land cover from wet, water and forest (52% in 1974 to 42% 
in 2011) to urban, open, and disturbed (41% in 1974 to 57% in 2011 ), shows second 
highest minimum temperature. Likewise, La Belle which has a total 14% decrease in 
surrounding natural and agricultural covers and has about 12% increase in urban, open 
and disturbed lands between these two years exhibits the third highest minimum 
temperature. Small portion of urban land (1.6%) in its surrounding justifies the lowest 
minimum temperature at Big Cypress.  
As shown by the linear trend, there is a slight increase of minimum temperatures (0.1 
°C/decade, p = 0.001) at Miami International Airport, moderate increase (0.3 °C/decade, 
p < 0.001) at Naples, highest rate of increase (0.6 °C/decade, p = 0.01) at La Belle, and 
an insignificant trend (p =0.8) at Big Cypress station. Naples and La Belle stations show 
higher than global average trend (0.1/decade, p <0.05). La Belle, whose peripheral land 
cover showed a profound decrease of natural cover and increase (~12%) of urban cover 
from 1974 to 2011, contains more than 4% scrub/shrub. Urban increase and substantial 
share of natural cover by scrub/shrub perhaps contribute for the highest rate of 
temperature increase at La Belle as scrub/shrub departs from other vegetated lands in its 
thermal behavior. 
The interpolated maps for the years 1974, 1982, 1992, 2002 and 2012 (Figure 2.5) show 
the variation in spatial and temporal distribution of the daily minimum temperatures. The 
prediction errors of interpolation are analyzed in terms of RMSE which are plotted on 
each map. Relatively lower values of RMSE suggest that the temperature prediction 
surface is an adequately accurate interpolation. Temperature patterns exhibit spatially 
lower values towards the west and gradual increase towards east and south east reaching 
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maximum in the Florida south east coast watershed, which is predominantly an urbanized 
sub-basin. Very obvious association between the near surface air temperature (Figure 2.5) 
and the land cover (Figure 2.3) is evident. Presence of higher temperature classes, (23-24) 
°C and (24-25) °C, in 2002 and 2012 that were almost absents in 1974 manifests the 
temporal increase. The temperature difference between eastern urbanized areas and 
western and northwestern natural areas ranges from 1°C to 3°C.  Both, the trend of 
annual average temperatures and interpolation of 10-year average temperatures, reveal 
thermal impact of anthropogenic alteration of land cover.  
 
Figure 2.4 Mean annual summer-time daily minimum temperatures from stations in 
South Florida compared with global trend of summer minimum temperatures. 
37 
 
 
Figure 2.5 Comparison of summer-time daily minimum air temperatures in South Florida 
for the years: 1974, 1982, 1992, 2002, and 2012. Each year represents the central year for 
decadal average except for 2012 which is the average from 2007 to 2012. 
2.4.3 Atmospheric Surface Layer 
Variation of the computed height of LCL is a function of near-surface local variations of 
temperature and moisture. The height of the lifting condensation level is analogous to the 
depth of the atmospheric surface layer in the present study. A deep surface layer is 
considered unstable and the principal source of instability is the surface heat generating 
turbulence above it. In general, the altitude of the evening LCL is increasing (total 
increase of 21.1 m). Even though the LCL height averaged by summer fluctuates year- 
to-year, a continuous drop reaching minimum LCL level during the years 1984-1987 may 
be an influence of the large scale climatic events, such as El Nino, which brings wet 
weather. From 1982 to 1990, there were four El Nino years with the most intense in 1987 
(Pielke et al., 1999). The general trend of LCL height is increasing all the time if we 
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exclude those records between 1984 and 1987. The rate of increase is pronounced with b1 
= 6.64 m/year (p = 0.05) over 1993 to 2012 (Figure 2.6). The positive slope of the trend 
line confirms with the previous findings that the warming and drying surface raises LCL 
height (Schreiber et al., 1996).  
In addition, when lowest level temperature, which closely resembles ground surface 
temperature, in the evening, increases at the rate greater than that in the morning, it 
results in decreased diurnal temperature range.  The trend of the July diurnal temperature 
range observed at the same Radiosonde station (Figure 2.6) is decreasing at the rate of 
0.2°C per decade with p = 0.05 which may be linked directly with the  development of 
UHI. The extreme low DTR in 1988 may be associated with the intense La Niña event 
during that year, which could cause rapid surface warming (Pielke et al., 1999).  
The total increase in the depth of summer average LCL (> +20 m) and a decrease in the 
diurnal temperature range (< -1°C, p = 0.005) of July resulted from about four decades 
radiosonde records are consistent with Lidar based  studies that showed the development 
of surface UHI influences its boundary layer height (Davies et al., 2004; Middleton et al., 
2005). Although extensive observations are required throughout the day and season to 
predict the structure of planetary boundary layer over different types of land cover 
(Dabberdt et al., 2004), it is reasonable to assume that these results are fairly 
representative for urbanized south Florida. Furthermore, the result obtained here is very 
essential and symptomatic information to be incorporated in a UHI study of this kind.  
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Figure 2.6 Radiosonde derived surface layer properties: (a) height of lifting condensation 
level, (b) base level diurnal temperature range. The thick solid lines are the linear fit line 
and the cross and circles are the data points. 
2.4.4 Landsat Derived LST 
Early summer LSTs are found to be distinctly higher (average 27.68 °C) than that of July 
(25.34 °C) and August (24.57 °C). The variation is believed to be associated with the 
monthly variation in solar radiation and percentage of cloud cover. A solar radiation 
observation in summer of 1991-2010 at Miami-Kendall-Tamiami station reveals that 
June, July and August are in decreasing order of irradiance:  (June average: 11274 W-
h/m2, August Average: 10596 W-h/m2, July in between). Also, three images with > 80% 
cloud free pixels analyzed in Figure 2.7 are associated with highest LSTs. Likewise; four 
images that have < 70% cloud free pixels in Figure 2.7 are associated with lower LSTs. 
For example, the three highest LSTs are 03 June, 1988 (LST = 30.21 °C, cloud free = 
96.7%), 15 June, 1998 (LST = 30.88 °C, cloud free = 84.80%), and 30 May, 2004 (LST = 
29.04 °C, cloud free = 90.89%). And, the two lowest LSTs are: 08 July, 1989 (LST = 
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clean and cloudy products, variation in cloud cover still seems to introduce uncertainty in 
the estimations (Appendix 3). 
2.4.5 Validation of LST 
A statistical comparison between observed temperature and extracted LSTs at sixteen 
different weather stations in south Florida on August 26, 2001 (Figure 2.8) resulted in 
two contrasting validation outcomes. Six stations located mostly in urban periphery in the 
eastern south Florida (red cross marks in Figure 2.8) produced a Nash-Sutcliffe 
coefficient of 0.70 and model bias of -0.54 accompanied by a coefficient of determination 
(R2) of 0.79.  For instance, West Palm Beach, Pompano Beach, Miami NW SFO, 
Hialeah, Ft Lauderdale, and Cape all have the LST and oberved temperature difference 
within 1°C. This statistic reveals a good agreement between observed and estimated 
temperatures in urban areas. In contrast, Raccoon Point, Ochopee, Moore Heaven Lock, 
Devil’s Garden, Loxahattee, and Tamiami Trail 40 Mile Bend have the LST and 
observed temperature difference of ≥3°C. Belle Glade, Clewiston and Everglades, which 
are small cities surrounded by vegetated and wet covers have the discrepancy within 1-
3°C. The larger discrepencies in those areas are in the form of underestimation by 
Landsat. The underestimation particularly in wetland, forested land, and rangelands may 
have been introduced from increasing wetness  and cloud cover in the field of view of 
Landsat (Appendix 3). The increased wetness in those areas may alter the emissivity. 
Lower than real brightness temperature may have been recorded because of increased 
canopy cover of the trees and plants further lowering the LST estimations.  In general, the 
average LST difference between urban stations  and natural and vegetated stations is 
2.8°C.  
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Time series LSTs do not accord well with observed temperatures as found in a 
comparison of LSTs with temperatures from Palm Beach Airport and base level 
radiosonde. Nevertheless, the better performances are obtained for the comparison 
between multiple stations from the same day particularly for the eastern area. Since the 
inconsistency between LST and observed temperatures are found mostly in the form of 
underestimation by Landsat from the areas and dates containing mostly cloudy pixels, 
selecting cloud free images or finding equivalent distribution of cloud cover among 
images should be a criterion of paramount importance in this type of study.  
2.4.6 Land Cover-LST Association  
An analysis of land use land cover and subsequent LST analysis for the area bounded by 
the Landsat image resulted in an urban covergae (average LST) of 6.01% (24.9 °C) in 
1974, 10.38% (25.44 °C) in 1992, and 13.95% (26.45 °C) in 2011. Also a total increase 
of urban cover from six to thirteen percent in the landsat coverage part of the watershed 
complies with a total increase in average urban temperatures of about 1.9 °C (from 1984 
to 2010, Figure 2.7). The increase in LST is significant ( p <0.05) for the images with 
relatively uniform cloud cover. An increase in average LST for the Landsat coverage part 
is suggestive of the changes in characteristic fabrics, such as from less intense to more 
intense within the urban category and from green, and wet to bare and dry for other 
covers over the period. 
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Figure 2.8 Annotated scatterplot showing observed air temperature versus LST from 
stations in South Florida on August 26, 2001. The red and blue cross marks represent 
urban peripheral and non-urban stations respectively. 
Box plots of LSTs from 17 different less cloudy ( > 65% cloud free pixels) dates for two 
eastern watersheds and their land cover-wise comparison in Figure 2.9 clearly shows 
urban followed by agriculture as the two highest temperature categories. High and low 
intensity urban; and communication, transportation, and utility are the five built-up 
categories which always show higher surface temperatures. High intensity urban, 
transportation and communication have average surface temperatures higher than 27°C in 
June 2010 (69% cloud free) which is about 2°C warmer from June of 1991 (67% cloud 
free). The difference in surface temperature between urban and wetland is found to be > 
2°C.  
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Figure 2.9 Land cover-wise distribution of summer-time land surface temperature derived 
from Landsat images. The LSTs are the summarized values for five major land cover 
categories from the zonal means of each category extracted from 17 different less cloudy 
images.  
 
Figure 2.10 shows a microcosm of the surface heat island in an area near Homestead, 
Florida. With a change of most of the crop land and forest land (Figure 2.10, a) to urban 
and built up covers (Figure 2.10, c), a rise of LST of at least 2°C is detected from 1988 to 
2010.  The heat island is distinct with a steep gradient in the middle of the map where 
temperature differences of as much as 6 °C are found within a distance of one kilometer. 
This proper site is the location of a school building. The expansion of built-up covers at 
and around that location replacing previous cover of parks, ponds and crop lands are 
reflected in the increase of LST from 22 °C to 30 °C during the period. Very high UHI 
intensity near the building surrounded by parks and ponds is related with significant 
differences of energy balance between parks, ponds and buildings, because urban parks 
and ponds are anomalous sources of moisture in an otherwise dry area (Grimmond and 
Oke, 1995). The predominant LST distributions are 22–24 °C in wetland, forest, and 
rangeland; 24-26°C in agricultural areas; and 26-30°C in urban and built-up areas.  
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Figure 2.10 Maps showing association of land use land cover and Landsat-derived 
temperatures and their change with time in an area near Homestead (indicated by a red 
rectangle on the inset map on the top left).  a) and c) are LULC maps of 1988 and 2010; 
b) and d) a are the contours of estimated land surface temperatures for the corresponding 
areas for May, 1988 and June 2010.   
2.5 Conclusions  
This study aimed to examine the immediate effect of land cover change on sensible 
weather by analyzing meteorologically recorded near surface air temperature, surface 
layer atmosphere, and remotely sensed land surface temperature in south Florida. A 
quantitative analysis of the land use/ land cover change in south Florida from 1974 to 
2011 revealed an increase of ≈ 10% urban area during this period. Beside the decrease in 
open water cover, about 22% collective decrease in rangeland, forest, barren land, and 
crop/ pasture over the period balances the expansion in urban/built-up and wetland. It 
appears that most of the rangelands were either directly or indirectly (through some 
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intermediate change, for example, rangelands to crop/pasture, and crop/ pasture to urban) 
converted to the urban/built-up lands.  
Interestingly, variations of land surface and near surface air temperature correspond to 
changes in land cover.  There has been as much as 4°C difference in the summer 
minimum temperature between urban and natural areas. The land cover change through 
time is reflected in the form of total temporal rise of summer minimum air temperature 
by 0.5 °C-1 °C as exemplified by Miami International Airport and La Belle stations. A 
fairly increasing LCL height except in the years with greater influence of synoptic 
weather, and continuous fall of DTR from the radiosonde data also conforms to the 
results of UHI signature explored by weather station minimum temperature records.   
An increase of nearly 2 °C in LST throughout the period with fairly valid estimations for 
eastern urbanized areas (LSTs within 1°C of observed temperatures) are found when 
images with more uniform percentage of cloud free pixels are used in the analysis. The 
median values of urban LSTs are found to be 2 °C higher than wetland LSTs. The 
Landsat estimations suffer from limitations, such as lack of continuous data series 
because of excessive cloud cover, and poor validation statistics in wet and forested areas. 
Ground surface UHIs are reported to be maximized particularly in calm, clear nocturnal 
conditions. However, use of Landsat does not permit to analyze the peak UHI because of 
its late morning overpass time over south Florida. Yet, Landsat surface temperature 
estimations are proved to be very useful alternative means to investigate the relative 
change through time and space if a careful attention is given for the distribution of cloud 
cover over the images. Moreover, estimations of surface skin temperatures in high spatial 
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resolution supplement the scanty and above–the-ground-only records from 
meteorological stations.  
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Chapter 3  
Land Use/Land Cover Driven Alterations in the Surface Energy Balance in South 
Florida, USA 
Kandel, H., A. M. Melesse, and M. C. Sukop, G. Tachiev (2015) Land Use/Land Cover 
Driven Alterations in the Surface Energy Balance in South Florida, USA,  (Under 
preparation to submit) 
Abstract 
Quantitative analysis of land use /land cover change and consequent variation of sources 
and sinks of heat and moisture in South Florida is of critical value for the local weather, 
wetland restoration and urban management.  Spatial and temporal variation of energy 
flux components in South Florida were analyzed using Landsat Thematic Mapper (TM) 
and ground based meteorological data for two different dates, May 7, 1984 and June 16, 
2010, in order to assess the impact of land use land cover (LULC) change on surface 
energy balance. A combination of land cover and Landsat-estimated land surface 
parameters and meteorological variables employed in empirical and physically-based 
energy flux models were able to approximate the surface energy balance.  
With the increase of urban land cover and decrease of rangelands and forested lands 
between these two periods, the Bowen’s ratio increased in high-intensity developed land 
cover, a result of the urban encroachment. Highest and lowest Bowen’s ratios are found 
in urban land (3.06) and in forest (0.14), respectively. Sensible heat fluxes are increased 
from urban and barren lands. In 2010, in the overall study area, an average of 231 Wm-2 
increase in latent heat (L), 100 Wm-2 decrease in sensible heat flux (H) and 112  Wm-2 
decline in ground heat flux (G) from the 1984 base value are found.  The increase in L is 
related to the increased evapotranspiration from wetland, forest and agricultural lands. 
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Increase in energy imbalance (-41% of net radiation in 1984 to -48% of net radiation in 
2010) from urban areas indicates the rise of anthropogenic energy expulsion and stresses 
the need to consider anthropogenic flux for more accurate energy balance estimation in 
urban areas. Substantial storage of energy along with the highest evapotranspiration rates 
from wetlands, which cover about half of the South Florida, and a profound increase of 
sensible heat flux from the urban areas, which are expanding, imply that the interplay of 
moisture and heat energy available from these two sources is highly likely to drive the 
local hydrology modulating surface- induced convective rainfall.  
Key Words: Landsat, Energy Flux, Sensible Heat Flux, Latent Heat Flux, Bowen’s 
Ratio, Evapotranspiration, Apparent Thermal Inertia, Albedo, South Florida 
3.1 Introduction  
The global trend of urban population growth has been exceeded by South Florida 
(2%/year) demanding more natural lands to be urbanized. Only between 1973 and 1995, 
after deducting urban conversion to natural, an excess of 10% of total land area in three 
eastern counties of South Florida: Palm Beach, Broward and Miami Dade was reported to 
be converted from natural and agricultural covers to urban cover (Walker, 2001). Natural 
land covers, such as wetlands, open water, forest and rangelands tend to cool the climate 
by expending greater amounts of incoming solar radiation as evaporation and 
transpiration. Developed lands, on the other hand, convert most of the incoming radiation 
into heat energy thereby warming the local climate. In a spatially heterogeneous land 
surface, units of different surface cover types have their own combination of radiative, 
thermal, moisture, and aerodynamic properties such as albedo, soil thermal conductivity, 
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soil moisture, surface roughness, etc. Each unit distinctly moderates and apportions the 
available energy and water characterizing it by a unique energy and water budget (Oke, 
1978). According to the principle of conservation of energy, the available net radiation 
(Rn) on the surface is balanced by outgoing energy fluxes to the air by convection of 
sensible (H) and latent heat (L) and to the subsurface by conduction of ground heat (G).  
The net radiation on the surface is the excess of incoming solar radiation, which is 
dominated by short wave radiation, after expending as reflection some of the short-wave 
radiation and after emission of the long-wave radiation from the surface.  
The actual sharing of net radiation by the component fluxes depends on several factors, 
such as  nature of the surface cover, characteristics of the overlying atmosphere, and the 
thermal properties of the surface and sub-surface medium (Oke, 1982). For instance, the 
energy budgets of extensive water surfaces (large lakes, seas, and oceans), wet, and 
forested cover differ from those of agricultural, grass, and urban covers in several 
different ways. In the former, due to their higher rate of evapotranspiration and large heat 
capacity, combined L and G balances most of the net radiation leaving only a small share 
for H (Arya, 2001). Since bare land and surfaces covered by short grass and urban fabrics 
respond readily to solar heating due to their lower heat capacities (Oke,1978), these 
surfaces tend to warm the overlying atmosphere faster making H a significant component 
there. It is reported that lower albedo and low emissivity in urban areas tends to store 
more heat during the day and emit more during the night as sensible heat flux, resulting 
in higher daily minimum temperatures (Landsberg, 1970).  
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One study aimed at investigating the effects of deforestation in South American tropical 
forest found an increased sensible heat flux in deforested areas (Gedney and Valdes, 
2000).  They indicated that there was an increased albedo reducing the amount of 
absorbed radiation and decreasing roughness length lowering the gradient of horizontal 
temperature. However, they observed that the lower latent heat flux and cloud cover 
caused by decreased vegetation fraction and leaf area index resulted in increased incident 
radiation with a consequence of increased sensible heat flux. Generally speaking, when 
the rural areas are transformed to anthropogenic areas, the albedo, specific heat, and 
emissivity are all reduced while the thermal conductivity is magnified (Arya, 2001). In 
addition, there is an added amount of energy from anthropogenic activities, such as the 
energy ejected mainly from automobiles, industries, and air conditioning units.  
South Florida comprises a heterogeneous land cover ranging from freshwater marshes 
and prairies to pine forest and from tree islands and saw grass plains in the natural 
categories to crop and pasture land to residential and commercial lands in the 
anthropogenic. The Everglades, which is a vast and unique wetland system has seen 
extensive fragmentation after the beginning of the construction of water control structures 
and settlements since early to mid-20th century. That resulted in the degradation of its 
ecohydrology and natural habitats (Sklar, 2001). After the realization of these detrimental 
effects on wetland health, Everglades’ restoration plans have been initiated and have 
passed through many phases. Having  a land cover that is dynamic temporally and widely 
varied spatially,  measurements and estimation of energy budgets through time and space 
in South Florida not only help assess its restoration progress but also warrant an 
evaluation  tool to monitor the effects of anthropogenic alteration.  
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A number of previous studies noted marked changes in surface energy fluxes associated 
with land cover change in South Florida. For instance, Marshall et al. (2004) have 
compared modeling results of the warm season sensible weather in South Florida 
between pre-1900 and post-1980 land cover scenarios. They found two distinct zones of 
increased sensible heat flux in drained and urbanized areas. Likewise, Shoemaker et al. 
(2005), while comparing the responses of two natural ecosystem in the Everglades have 
reported that increased air-water heat exchange was found in open water sites compared 
to vegetated sites. Melesse et al. (2007) carried out a remote sensing study using 
Moderate Resolution Imaging and Spectroradiometer (MODIS) in the Kissimmee River 
basin with a result of significant increase of fractional vegetation cover and latent heat 
flux in the restored areas of the basin. A recent study (Lagomasino et al., 2014) 
comparing two mangrove ecotones in the Everglades found clear signatures of decrease 
of G and increase of L for post-storm period and after the mangroves recovery. They also 
found that the scrub mangroves can be distinguished from the tall mangroves by their 
lower L and higher G values. 
All of the above studies have limited their scope either to the sites within the natural 
Everglades and Kissimmee River Basin or relied on the results of a mesoscale 
atmospheric modeling. This study is an extension of these findings and aims to estimate 
all the components of surface energy balance by combining meteorological station 
records and surface-derived parameters at high spatial resolution for all land cover types 
that exist in South Florida. The combined approach is advantageous because ground-
based meteorological stations provide measurements accurately over a homogenous area, 
but cannot account for the spatial heterogeneity. The heterogeneity of size, shape, 
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composition, and arrangement of urban elements make the urban surfaces more 
complicated for meteorological studies. Remote sensing methods are therefore viable 
alternative that provide spatial distribution of fluxes at the measurement scale of the 
satellite sensor resolution. Moreover, Landsat provides a long history of about three 
decades of records allowing ample opportunity for temporal comparison.  
3.2 Study Area and Dataset 
Bordered by Lake Okeechobee on the mid-north, the Gulf of Mexico on the west, Florida 
Bay and the Florida Keys on the south, and the Atlantic Ocean on the east, South Florida 
encompasses a total land area of about 36000 km2. South Florida hydrology and land 
cover have been converted tremendously by drainage activities, such as constructing 
canals, levees, and water control structures that began in 1906 (Sklar, 2001). These 
activities continued until the 1960s, partitioning the natural Everglades into Everglades 
Agricultural Area (EAA), Water Conservation Areas (WCA’s) 1, 2a 2b, 3a, and 3b, and 
disconnecting the northern Everglades from the Everglades National Park (ENP) in the 
south. After the need for conservation of the natural areas was realized, South Florida 
currently hosts the world’s costliest wetland restoration project, called the 
Comprehensive Everglades Restoration Plan (CERP) that began in 2001. 
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3.2.1 Study Area 
 
Figure 3.1 Study area showing locations of various meteorological stations, important   
hydrologic sub-basins, land cover map of 2011 and outline of Landsat image boundary. 
 
Reconnection of the fragmented wetlands and restoration of some of the pre-drainage 
flow are the priorities of this project.  Even with the restoration projects in place, 
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conversion of original undeveloped land into agricultural lands and agricultural and 
natural land to urban land are ongoing transformations and represent two major types of 
land use change practices over this period. As a result, the urban and built-up land cover 
in South Florida which was about 5.12% of the total land area in 1974, has grown to 
15.59% in 2011 (Kandel et al., 2015, unpublished). In the same manner, during the 
period, 14.65% of rangelands have been shrunk to 2.29%. More than five and half million 
people live in urban clusters of the eastern three counties (Miami Dade, Broward, and 
Palm Beach) of South Florida with a rate of increase of nearly one million per decade 
(US Census Bureau, 2013).  
Characterized by subtropical warm and humid climate, South Florida’s rainfall is highly 
seasonal with three to four time greater rainfalls in the wet period (May- October) than in 
the dry months. Wet season precipitation is produced primarily by localized 
thunderstorms (Duever et al., 1994). Average daily maximum temperatures exceed 27°C 
from April through October and average annual precipitation ranges from 119 -157 cm, 
falling more than 60% between June and September (NOAA). 70 -90% of the rainfall is 
reported to be lost via evapotranspiration, which is greatest in summer wet season months 
(Duever et al., 1994). 
3.2.2 Dataset 
Remotely-sensed Landsat 5 TM, land-based meteorological stations, and observations 
from eddy covariance tower are utilized in this study. 
3.2.2.1 Meteorological Station Records 
Weather records from ground-based meteorological stations, such as surface and near- 
61 
 
surface temperature, wind velocity, relative humidity, and vapor pressure were obtained 
mostly from the National Climatic Database global hourly surface data. The records 
measured by the Florida Automatic Weather Network, whose 5 stations fall in our study 
area, have also been utilized. A few station’s records of net radiation available from the 
DBHYDRO database of the South Florida Water Management District (Figure 3.1) were 
obtained for the purpose of validation. Sensible and latent heat fluxes for pine upland, 
dwarf cypress, and wet prairie sites were obtained from Barclay Shoemaker of the USGS 
(personal communication) and for Shark River Slough (SRS) and Taylor Slough (TS) 
sites from Ameriflux websites.  
3.2.2.2 Landsat-5 TM 
Surface reflectance data of Landsat 5 TM are used in this study.  Landsat Climate Data 
Record’s (CDR) Land Surface Reflectance products processed using Landsat Ecosystem 
Disturbance Adaptive System (LEDAPS) are the archived scenes from 1982 to present in 
the USGS Earth Explorer website: http://earthexplorer.usgs.gov/. In the global notation 
system, the World Reference System (WRS-2), the study area corresponds to the path 15 
and row 42. This scene covers part of the Everglades sub-basin and the Florida Southeast 
Coast sub-basin (Figure 3.1). The principal use of these data was to derive shortwave 
albedo, land surface emissivity, and land surface temperature. Images of two dates, May 
7, 1984 and June 16, 2010 are used in this study considering their equivalent percentage 
of cloud free pixels. 
3.3 Analysis Methods 
Details regarding specification and processing of input data, and the algorithms used for 
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the calculation of different energy flux components are outlined here. The station records 
for ground- based meteorological variables were interpolated using the ordinary kriging 
method of the geostatistical wizard in ArcGIS.  
3.3.1 Net Radiation Calculation 
A balance between different components of energy is the surface energy balance as given 
in (1).  
ܴ௡	 = ܪ + ܮ + ܩ																																																																								(1) 
ܴ௡					 = 	ܴௌ(1 − ߙ) + ܮ௪ − 	ߝߪ ௦ܶସ                                         (2) 
where Rn is net radiation, RS is insolation, α is surface albedo, Lw is downward long-wave 
radiation (W m-2), ε is the surface emissivity, σ is the Stefan-Boltzman constant (5.6703 × 
10-8 W m-2 K-4), and Ts is the land surface temperature (K). RS, the portion of the 
extraterrestrial radiation that penetrates the atmosphere to reach to the Earth’s surface, is 
a function of the solar constant (S0 = 1368 W m-2), atmospheric transmittance (V), solar 
declination angle (δ), the angle of latitude (φ), and the phase angle of the diurnal solar 
cycle (Ωt) as formulated in equation (3) (Price, 1977): 
	ܴ௦ = ܵ଴ܸ	(Sin ߜ Sin߮ + Cos ߜ Cos߮	ܥ݋ݏ	Ωݐ)																														(3) 
The commonly used values of the solar constant (S0 = 1368 Wm-2) and atmospheric 
transmittance (V = 0.75) (Price, 1977) were used in Eq. 3 to calculate down-welling 
shortwave radiation. The solar declination angle (δ) for a given calendar day, which is the 
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angular distance of the sun (in our case north of the Earth’s equator) was calculated from 
Equation (4).  
ߜ = 23.45	 × ܵ݅݊	 ቆ360365
ߨ
180 (284 + ݀ܽݕ)ቇ,																																							(4) 
where day represents the day number such that day =1 on the 1st of January. The down-
welling long wave radiance is the portion of the solar radiation absorbed by the 
atmosphere and later exuded as long wave towards the surface and can be calculated 
using (5).  
    ܮ௪ = ߝ௔ߪ ௔ܶସ																																																											(5) 
where εa, the emissivity of atmosphere was obtained using εa = 1.24(e0 / Ta)1/7) (Brutsaert, 
1975) where e0 and Ta are vapor pressure (mb) and air temperature (K), respectively.  
The phase angle (Ωt) in Equation (3) is actually an hour angle (24-hour equivalent to 
360°) of the diurnal solar cycle that starts at local noon with an angle of 0°. The angle 
was determined using the 15°/hour relation and the local time of Landsat overpass that 
was read from image metadata. In this way, the phase angles for the overpass time before 
noon, in our case, were obtained negatives. Also, the central latitude of the scene was 
obtained from image metadata to use in (3).  
The rest of the terms, land surface albedo (α), emissivity (ε) and the temperature (Ts) 
were derived from Landsat data as described in the following section.  
3.3.2 Landsat Derivatives 
3.3.2.1 Cloud Masking and Selection of Landsat Scenes 
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Surrounded by major water bodies in all sides, the sky cover over the land of South 
Florida is widely known for its extensive cloud cover. Since clouds and their shadows 
introduce errors in the estimated values of land surface temperatures (Irish, 2000), 
identifying cloud and cloud shadows in a scene and masking them out is very important. 
An automated cloud mask algorithm called function of mask (Fmask) was used for the 
purpose of detecting clouds and cloud shadows in the scenes. The details of input data, 
working procedure, and output grids of Fmask are given in Zhu and Woodcock (2012). 
The percentage of cloud free pixels was a criterion to choose image dates for comparison 
to make sure that the results compared are from equivalent land surface areas. The Fmask 
grid, with no data for all cloudy pixels, was later combined with other input layers for 
calculating albedo, emissivity and temperature in a GIS model in such a way that only the 
cloud free pixels are used in the calculation.  
3.3.2.2 Derivation of Albedo 
The total shortwave albedo was estimated using an algorithm developed by Duguay and 
Ledrew (1992). Their model is a linear formula based on the reflectance of band 2, band 
4 and band 7 of Landsat TM as shown in (6): 
 ߙ௦௛௢௥௧ = 0.562	ߙଶ + 0.314	ߙସ + 0.112	ߙ଻.																					(6) 
The results of this model are reported as well fitted with the albedos of all land cover 
types derived from narrow band to broad band conversion (Liang, 2001). The input data, 
calculation steps, and the outputs are shown in an ArcGIS model in Figure 3.2. 
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Figure 3.2 A GIS model to calculate land surface albedo from Landsat data. The blue 
ovals represent the input data (bands of Landsat and a cloud mask grid), orange 
rectangles represent the tools of ArcGIS and the green ovals represent the intermediate 
and end prod products of the model. The raster calculators 1, 2 and 3 perform the 
conditional analysis with cloud-mask grid to extract non-cloudy pixel values and to 
change the values to floating point, whereas the raster calculator 4 computes equation (6). 
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3.3.2.3 Derivation of Surface Emissivity 
A normalized difference vegetation index (NDVI) threshold method proposed by Sobrino 
and Raissouni (2000) and Sobrino et al. (2008) was used to compute land surface 
emissivity (LSE). The lower (0.2) and upper (0.5) threshold NDVIs were suggested to 
distinguish mixed pixels from bare pixels in the lower end and from fully vegetated 
pixels in the upper end in this method. The following set of algorithms (7) compute 
composite emissivity from a Landsat image:  
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where a and b are spectral statistical fit coefficients (a = 0.980, and b = -0.042) as used in 
Advanced Very High Resolution Radiometer(AVHRR) channel 4 (Sobrino and 
Raissouni, 2000), ߩred is the reflectivity of the red band of Landsat (equivalent to channel 
1 of AVHRR, εs, and εv are the emissivity values for non-vegetated pixels (0.97) and 
vegetated pixels (0.985), respectively. C is a term that accounts for the cavity effect due 
to surface inhomogeneity. Avoiding too exhausting method of determining C using 
satellite images (Muñoz et al., 2005), it was obtained as an average of the value used by 
Sobrino and Raissouni (2000) from channel 4 and channel 5 of AVHRR. This value was 
found to be equal to 0.016 – 0.01Pv. PV is the proportion of vegetation and was computed 
as in (8) (Carlson and Ripley, 1997). 
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67 
 
where NDVIv and NDVI s are the NDVI values for non-vegetated and vegetated pixels, 
respectively. The results of calculating PV using (8) were considered only for the pixels 
whose NDVI falls between 0.2 and 0.5. The values beyond these lower and upper 
thresholds were assigned 0 and 1, respectively.  Finally, the layer of composite emissivity 
was calculated using conditional function in raster calculator of ArcGIS.  
3.3.2.5 Derivation of Surface Temperature 
The brightness temperature data from band 6 of CDR images were corrected for scale 
factor. An emissivity correction was then applied to convert brightness temperature into 
land surface temperature using the method suggested by Weng and Schubring (2004). 
Only brightness temperatures for cloud free pixels were used to calculate LST, and no-
data was entered for masked pixels. The entire process of LST calculation was carried out 
by running a model built in ArcGIS. 
3.3.3 Ground Heat Flux Estimation 
Ground heat flux is the flow of heat energy to the soil column underneath the surface per 
unit area per unit time towards or away from the surface as dictated by the temperature 
gradient in a soil column.  An analytical solution of heat transfer in a one-dimensional 
soil layer for unbounded condition directed by a diffusion equation (9) was used in this 
study.  The governing equation is: 
߲ܶ
߲ݐ = 	
ߢ
ߩܿ
߲ଶܶ
߲ܼଶ 	 , ܼ ≤ 0																																		(9) 
where T is soil temperature (K), κ is soil thermal conductivity (W m-1 K-1), ρ is bulk 
density (kg m-3), c is specific heat (J kg-1 K-1) and Z is the vertical coordinate with the 
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origin set at the ground surface. From the above equation, ground heat flux at the surface 
Z = 0 at time t, G (t), can be deduced at any location as a function of the time history of T 
on the surface through a widely known half-order time derivative (e.g., Miller and Ross, 
1993) as given in (10): 
ܩ(ݐ) = ටߩܿߢߨ න
݀ܶ	(0, ݏ)
√ݐ − ݏ
௧
ିஶ
																																					(10)	 
where T(0, t) is the skin temperature (time series), and s is a dummy integration variable. 
The soil constants outside the integration in (10) can be replaced by a single variable 
called soil thermal inertia I as given in (11):  
ܫ ≡ 	ඥߩܿߢ				.																																																																		(11) 
Equation (10) is a very simplified ground heat flux equation for many reasons. First, it 
does not need a vertical profile of soil temperature; second, it allows a time-averaged 
estimation of ground heat flux; third, it reduces three soil parameters to a single variable, 
thermal inertia, that helps reduce the sensitivity factors of the estimated flux; and fourth, 
as shown in equation (12) below, any arbitrary sampling interval of soil temperature can 
be used without compromising the effectiveness of the estimated flux (Bennett et al., 
2008).  
A removal of singularity (at t-1/2) from equation (10) and the integration with respect to 
the time intervals (Si, Si+1) solves the integral part of the equation and eventually a 
solution (12) emerges combining equations (10) and (11) for the approximation of ground 
heat flux (Bennett et al., 2008): 
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ܩ(ݐ) = ܫ√ߨ 	× 2	෍
ܶ௜ାଵ − ܶ௜
ݏ௜ାଵ − ݏ௜
௡ିଵ
௜ୀ଴
	൫ඥݐ −	ݏ௜	 − 	ඥݐ −	ݏ௜ାଵ	൯													(12) 
where Ti = T(0, si) and t is the total period of temperature records (Appendix 6).  
Because the model uses surface-level temperature but the stations report the temperatures 
at elevation ranging from 1.5 m to 9.44 m, a logarithmic relationship of the vertical 
profile of temperature (Campbell and Norman, 2000) was used to extrapolate the air 
temperature values to surface level. For this purpose, regression coefficients were derived 
from the Florida Automatic Weather Network stations which report the temperatures 
from three different levels (0.6 m, 2 m and 10 m) and the same coefficients were used in 
the extrapolation for those and other nearby stations.  
In this study, to get the benefit from both the meteorological station records and the 
remote sensing data, a frequently used parameter, apparent thermal inertia (ATI), was 
used to replace thermal inertia. Since ATI was easily obtained from satellite data, it 
enhanced the applicability of the term thermal inertia.  Apparent thermal inertia is written 
as in (13) (Price, 1985): 
ܣܶܫ = 2ܵ଴ܸ√߱ 	
(1 − ܣ)ܥଵ
௠ܶ௔௫ − ܶ ௠௜௡
			,																																(13) 
where Tmax and Tmin are the daily maximum and minimum temperatures obtained from 
meteorological stations, A is spectral albedo obtained from equation (6), S0 and V are as 
defined in equation (3), C1 is the coefficient related to earth-sun distance obtained from 
the first term of Fourier solution as given in Price (1985), and ω, the angular frequency 
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(2π/T) is calculated for a daily cycle. The values of C1 were found to be 0.51 for 1984 and 
0.52 for 2010. The product of the terms S0V in Eq. (13) results 997 Wm-2 for May 7, 1984 
and 1021 Wm-2 for June 16, 2010. Since albedo was calculated from the Landsat data and 
the overpass time of Landsat is usually at or around 1100 local standard time, the ground 
heat flux estimated in this study corresponds with this time. The hourly temperature 
series in second part of equation (12) begins at 0700 local standard time and ends at 
corresponding Landsat overpass hour. Starting point of time for positive gradient of 
hourly temperature makes 0700 as the beginning hour.  
3.3.4 Sensible Heat Flux Estimation 
The sensible heat flux is the convective flow of heat along the temperature gradient 
between the surface and the near-surface atmosphere.  The sensible heat flux can be 
expressed as: 
ܪ = 	ߩܥ௣	( ௦ܶ − ௔ܶ)	/ݎ௔	,																																													(14) 
where ρ, the density, and Cp, specific heat of air at constant pressure are both constants 
equal to 1.225 kg/m3 and 1004 J/kg.K, respectively. Ts is the surface temperature (K) 
from Landsat-derived LST and Ta is the air temperature (K) obtained as interpolated 
maps from station-observed temperatures for the stations shown in Figure 3.1. The term 
ra is the stability-corrected aerodynamic resistance, which for unstable and stable surface 
layers is given as in (15i) and (15ii), respectively (Moran et al., 1989): 
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ݎ௔ = ሼlnሾ(z − d +	z଴)/z଴ሿ/kሽଶ 	× ቐ1 − 15ܴ௜ቂ1 + C(−ܴ௜)ଵ ଶൗ ቃ
ቑ
ିଵ
ܷ
൚
																						(15݅) 
ݎ௔ = ሼlnሾ(z − d +	z଴)/z଴ሿ/kሽଶ 	× (1 + 15ܴ௜)(1 + 5ܴ௜)ଵ ଶൗ ൘ܷ ,																						(15݅݅) 
where Ri, the Richardson number, a parameter that accounts for atmospheric stability, 
was calculated with (16) (Monteith, 1973):  
ܴ௜ = ݃( ௔ܶ − ௦ܶ)
ݖ − ݀
௔ܶ	ܷଶ 		,																													(16) 
where g is acceleration because of gravity (9.8 ms-2), and z is the height at which wind 
and air temperatures are measured. The elevation (z) ranges from 1.5 m to 9.44 m for 
different stations. A maximum elevation of 9.44 was used for the purpose of uniformity. 
The aerodynamic properties, zero-plane displacement height (d), and the roughness 
length (z0), are estimated using a height-based approach (Grimmond and Oke, 1999).  
According to this approach, ݀ = 	 ௗ݂	ݖுതതത and	ݖ଴	 = ଴݂	ݖுതതത, where, ݖுതതത is the average height 
of the surface elements that cause resistance.  The values of ௗ݂	and ଴݂ are suggested as: 
0.63 and 0.13 for field crops and grass canopies; 0.8 and 0.06 for forests; and 0.5 and 0.1 
for urban areas, respectively. U is wind speed (m/s), and k is Von Karman’s constant 
(0.4). The height of the surface elements: trees, shrubs, grass, crop and urban buildings, 
which are presented in Table 3-1, were obtained from land cover metadata of 1974 and 
2011 to use for 1984 and 2010, respectively. The non-vegetated wetlands, natural as well 
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as artificial water bodies, roads, urban open spaces, and barren lands were assigned with 
zero roughness length.  
Table 3-1 Height of various surface elements used for the calculation of zero-plane 
displacement height and roughness length. 
Land Cover Category Zh (m) 
Urban-High Intensity 22 
Urban- Medium Intensity 13 
Urban- Low Intensity 10 
Crop and Pasture 3 
Scrub/Shrub, Herbaceous 2 
Forest 8 
Vegetated and Non-forested Wetland 2 
Wet Forested Mixed 5 
Since the objective of the research here is to examine the variation of energy fluxes 
introduced by land cover change, variations of the parameters that are directly extracted 
from the land cover (d, z0, and Ts) are considered explicitly. Temporal change in surface 
cover was taken into account by changing these surface-derived parameters from 1984 to 
2010. 
3.3.5 Latent Heat Flux Estimation 
Latent heat in this study was obtained as the residual term of the energy balance equation 
(1). Instantaneous rate of evapotranspiration was obtained dividing the latent heat flux by 
a conversion factor (28.94) to convert Wm-2 to mm/day. The daily average ET was 
calculated as one-third of instantaneous ET (Kustas et al., 1990). 
3.4 Results and Discussion 
This section presents the outcomes from each model for the parameters and component 
fluxes of the surface energy balance. The zonal averages of net radiation, sensible, 
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ground, and latent heat fluxes by land cover zones are discussed in terms of their 
variation. 
3.4.1 Net Radiation 
As balanced by incoming and outgoing short- and long-wave radiation, variations in 
surface albedo, land surface temperatures, vapor pressure, and air temperatures interact to 
produce the variation of net radiation. The highest zonal average net radiation is found 
for water (1984: 870 (±48) Wm-2, 2010: 935 (±29) Wm-2) followed by wetlands, and 
forests, with lowest values in urban areas (1984: 728 (±50) Wm-2, 2010: 772 (±46) Wm-2) 
(Figure 3.3). Because spatial variation of incoming shortwave radiation was not taken 
into account, albedo is the only variable to cause fluctuation in net shortwave radiation. 
The incoming shortwave radiation value for the entire study area indicated a slight 
increase (997 Wm-2 for 1984 and 1021 Wm-2 for 2010) (Appendix 4). Being surrounded 
by wetland and water bodies, relative urban albedo in South Florida is higher than natural 
surroundings (Table 3-2) as opposed to usual reduction of albedo by urban materials. The 
apparent increase in incoming shortwave radiation may have been caused by use of May 
data for 1984 and June data for 2010.  
Average albedo showed a slight increase in the high intensity urban areas and deciduous 
forest, and a profound increase in barren land. Smaller increase of net radiation from 
1984 to 2010 on barren lands (1.4%), high intensity urban lands (4.02%) and deciduous 
forests (5.2%) compared to an average of ~8% increase in other categories implies that 
albedo may be the primary driver of net radiation. Higher albedos in agricultural lands in 
comparison to wet and forested lands are consistent with the previous findings that 
 al
S
F
ar
d
bedos are in
huttleworth,
igure 3.3 Co
e the land c
eviation. 
Tab
creased wit
 1991; Gedn
mparisons o
overs taken 
le 3-2 Varia
Land Cove
Water 
Developed 
Developed 
Developed 
Developed 
Barren 
Deciduous 
Evergreen F
Mixed Fore
Scrub/Shru
Herbaceous
Hay/Pastur
Cultivated 
Woody We
Emergent H
h tropical de
ey, and Val
f zonal aver
from NLCD
tion of albed
r 
Open Space
Low Intensi
Medium Int
High Intens
Forest 
orest 
st 
b 
 
e 
Crops 
tland 
erbaceous W
74 
forestation 
des, 2000).
ages of net 
 2011. The 
o in South 
 
ty 
ensity 
ity 
etland 
(Shukla et a
radiation for
error bars re
Florida by la
1984 Mean 
Albedo  
0.06 
0.17 
0.19 
0.2 
0.2 
0.17 
0.15 
0.14 
0.14 
0.14 
0.17 
0.17 
0.16 
0.13 
0.12 
l.,1990; Gas
 two study 
present plus
nd cover an
2010 Me
Albedo 
0.05 
0.17 
0.18 
0.2 
0.21 
0.24 
0.16 
0.12 
0.12 
0.13 
0.16 
0.15 
0.16 
0.11 
0.09 
h and 
 
dates. The z
 one standa
d time. 
an 
ones 
rd 
75 
 
The other factor that may have contributed to this land cover-driven variation in net 
radiation is land surface temperature. Urban areas with ~2° K higher land surface 
temperatures than the surrounding natural areas would lose more radiation in the form of 
outgoing longwave, making the overall net radiation lower.  A barely higher values of 
summer-time daily average down-welling long-wave radiation for urban stations obtained 
from long-term analysis (Fort Lauderdale: 414.55 Wm-2, Homestead: 410.44 Wm-2, and 
Immokalee: 407.76 Wm-2) may have been surpassed by higher outgoing longwave 
radiation from urban surfaces. 
3.4.2 Ground Heat Flux 
Relative values of thermal inertia indicate that highest ATIs were found for water 
followed by urban and wetlands in both the years. Large heat capacity and heat 
conductivity render higher thermal inertia to water and wetlands.  Likewise, high heat 
conductivity and density of urban fabrics contributes to its higher thermal inertia. Given 
similar thermal properties of wet soils and urban materials, comparable heat fluxes 
towards the sub-surface is observed in wetland, and urban areas. Higher average ratio of 
ground heat flux to net radiation is resulted in 1984 (0.56) than in 2010 (0.38), which are 
higher than commonly reported values of 0.35 (Norman et al., 1995). A slight reduction 
was observed in average diurnal temperature range (-0.46°C) from 984 to 2010. Also, 
temperature gradient term, Gt in equation (12) except the term I, was found decreased 
from 0.05 Ks-1/2 in 1984 to 0.03 Ks-1/2 in 2010. Both these reductions contributed for a 
decrease in ground heat flux from 1984 to 2010 predominantly in urban and barren lands 
(Figure 3.4). Substantial decrease of G from 1984 to 2010 (-227 Wm-2) in urban cover 
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and 2010. Sensible heat flux is found to have increased for water, urban and barren lands, 
remained unchanged in herbaceous and wetlands, and decreased in forest, scrub/shrub, 
and agricultural lands. The standard deviations are very high with the highest in urban 
area in 1984 and second highest in 2010, when barren land showed extreme variation 
within the category.  
The average air temperature and wind speed for 1984 were obtained as 300.49 K and 
3.28 ms-1, respectively and the same values were used for 2010 as well. The average 
values of stability- adjusted aerodynamic resistance, ra, for the entire area was found to be 
38.86 sm-1 in 1984 and 21.60 sm-1 for 2010 with the standard deviations of 23.14 sm-1 
and 12.68 sm-1, respectively. The small difference in the average surface temperatures 
between 1984 and 2010, but a profound decrease in aerodynamic resistance indicates that 
land surface parameters are vital to the increase or decrease of sensible heat fluxes. Table 
3-3 shows the parameters derived to calculate the sensible heat flux from the surface.  
The zonal average roughness length for vegetated only areas, where sensible heat flux 
decreased from 1984 to 2010, ranges from 0.27 m to 0.36 m with an average of 0.32 m 
for 1984, and from 0.20 m to 0.37 m with an average of 0.28 m in 2010. Cultivated crop 
has the average roughness length of 0.36 m in 1984 and 0.37 m in 2010.  
The difference in canopy height, fractional vegetation cover, and leaf area index (LAI) of 
the plants probably is a reason for the decrease of sensible heat flux in forested areas. The 
aerodynamic resistance for these vegetated areas ranged from 21 sm-1 (deciduous forest 
and cultivated crops) to 24 sm-1 (evergreen forest) with an average of 22.54 sm-1 in 1984 
and ranged from 22 sm-1 (herbaceous) to 28 sm-1 (deciduous forest) with an average of 
26.32 sm-1 in 2010.  
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coniferous forest (Wilson et al., 2002). Also, they noticed a negative correlation between 
Rc and seasonal maximum leaf area index (LAI) suggesting a decrease in sensible heat 
flux with an increase in LAI.  The lower stomatal resistance and greater photosynthetic 
capacity of agricultural species was attributed to the decrease in sensible heat flux, i.e., 
lower β, from agricultural sites (Kelliher et al., 1995; Kӧrner et al., 1979; Wullschelger, 
1993). The decrease in sensible heat fluxes from the vegetated areas in this study may 
also be attributed to the decreased roughness length resulting in increased aerodynamic 
resistance. Increased LAI and decreased stomatal resistance of vegetated cover in 2010 
compared to 1984 may also have played a role. Since the zones are defined from the 2011 
land cover data for both 1984 and 2010, sparsely vegetated or less intensely cultivated 
areas in 1984 perhaps have been intensified with increased LAI in 2011.  
The increase in the proportion of pixels included in the analysis from 1984 to 2010 for all 
the vegetation categories, with the highest increase in agriculture may also have 
contributed for the decrease in sensible flux in those categories. The percentage change of 
pixels included from each category in the two periods probably contributes to the change 
in flux depending on whether it is urban, plant covered, or wet and water.  For instance, 
an increase in sensible heat flux from urban areas is associated with the increased 
percentage of pixels from 1984 to 2010. Urban pixels (low, medium and high intensity) 
cover 13% of the total in 1984 which is found increased to 27% in 2010. Similarly, water 
and wet pixels are found decreased from 58.92% in 1984 to 13.75% in 2010. From this 
pixel percent observation, it can be deduced that sensible heat flux increases either with 
an increase in urban pixels or with a decrease in water and wet pixels and decreases with 
an increase of vegetated pixels. 
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3.4.5 Latent Heat Flux 
The latent heat flux from vegetated areas increased significantly between 1984 and 2010. 
The highest latent heat flux was found in deciduous forest (405 Wm-2 in 1984 and 508 
Wm-2 in 2010) followed by water (336 Wm-2) in 1984, and by herbaceous wetland (477 
Wm-2) in 2010. Cultivated crops show profound increase of latent heat flux between 1984 
and 2010 (Appendix 5). The increase in latent heat flux from cultivated crops are 
probably linked with the series of best management practices adopted in the Everglades 
Agricultural Area that include construction of storm water treatment areas, leveling the 
field, use of cover crops, slowing down of the drainage etc. The daily average ET was 
found to have increased from the value of 2.29 mm/day in 1984 (maximum in water) to 
3.56 mm/day in 2010 (maximum in wetland) (Figure 3.6).  
3.4.6 Energy Balance 
Three urban categories: low, medium and high intensity developed show energy deficit in 
both years. Average energy deficit in 1984 was estimated to be 250 Wm-2 which 
increased to 418 Wm-2 in 2010. Additional deficit was also observed in barren land in 
2010 (Figure 3.7). The appreciable increase of Bowen’s ratio is found in urban and barren 
lands. Increases in Bowen’s ratios were observed from emergent wetland, herbaceous, 
water, and developed open space categories.  
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3.5 Validation  
The predicted versus observed net radiations from seven different stations located in 
South Florida are illustrated in Figure 3.8. It shows that the majority of the predicted 
values are overestimated. Stations located in northern agricultural and rangelands 
adjacent to WCA 1, such as BELLW, LXWS, and ENR-308 have better estimated results 
than in southern water conservation areas and Levee L 31S331 (Figure 3.1). Total RMSE 
is 60.84 Wm-2, which, after decomposition into systematic (RMSEs) and unsystematic 
(RMSEu) parts, produced 63.52 Wm-2 and 35.80 Wm-2, respectively. The ratio of 
RMSEs2/RMSE2, an indication of where the errors stem from, is 109% suggesting that 
the source of error is systematic and agreement between observed and estimated is poor. 
The discrepancy of height of measurements and use of replacement of cloudy pixels by 
neighboring pixels for Landsat estimations may have contributed to this error. For the 
reason, a model Rnmod = 0.625Rnest + 229.62 (R2 =1 and error = 0.005%) is proposed by 
calibrating the coefficients of the linear equation with observed net radiation of June 16, 
2010.  
For the dates studied, there are no multiple stations in South Florida that measure sensible 
and latent heat fluxes. Moreover, the study was carried out to see how different land 
covers in space and time modulate energy partitioning by keeping wind speed and air 
temperature constant and changing only the land surface parameters for the two dates. 
Therefore, the value measured by the Ameriflux tower at Shark River Slough -6, which is 
a mangrove forest site on the date June 16, 2010 at 1130, and from Tylor Slough, which 
is a sawgrass marsh site were compared only to see site-wise variation.  
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reported higher sensible and lower latent heat flux for pine upland and dwarf cypress sites 
than for Wet Prairie and Cypress Swamp.  
June average ETs reported by Shoemaker from various sites within the Everglades are: 
3.49 mm/day for a wet prairie site (2008-2010), 4.01 mm/day for a cypress swamp site 
(2007-2009), 3.35 mm/day for dwarf cypress site (2007-2009), 2.8 mm/day for marsh site 
(2007-2009), and 3.04 mm/day from pine upland site (2007-2009). Our estimated overall 
ETs for 2010 (3.56 mm/day) fall in the agreeable range with above mentioned sites as 
well as with the reported values of 3.6 mm/day (Abtew, 2004) from a constructed 
wetland in South Florida. 
3.6 Conclusion 
In this study, a combined approach taking benefits from both remotely-sensed and 
ground-based meteorological data has been used to relate surface energy flux to land 
surface parameters. The approach is derived from a simple hypothesis that anthropogenic 
conversion of land modulates the energy partitioning increasing sensible heat flux in 
those areas. Local surface cover changes not only influence climate of the immediate 
vicinity, but large-scale land cover changes may influence global circulation affecting the 
water and energy budgets in areas not affected by land cover change.  
A common presumption that urban albedos are lower compared to undeveloped 
counterparts is invalidated. The sensible heat flux  from high intensity urban cover was 
>100% of net radiation in both the years 1984 and 2010 justifies that net radiation in 
urban area is not just a mere balance of incoming and outgoing short and long-wave 
radiation; a significant portion of it comes from anthropogenic expulsion. Sensible heat 
fluxes averaged from all the urban subcategories increased from 70% of net radiation in 
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1984 to 93% in 2010. Water and wet vegetated covers tend to enhance heat flow towards 
the sub-surface, whereas the agricultural covers in 1984 and urban covers in 2010 have 
the least ground heat flux. Substantial increase of sensible heat flux from urban and 
barren lands and a subsequent decrease in ground heat flux is indicating that the surface 
fabrics in those covers tend to vigorously transfer heat upwards to the atmosphere rather 
than conducting it downwards. Agricultural lands are found to have intensely increased 
latent heat flux in the later period. The daily average ET rates are decreased overall, and 
are in the agreeable range when compared to previous studies. A substantial increase of 
ET rates in agricultural vegetation from the least ET in 1984 to closer to ET values of 
forest may suggest an increased availability of water on or close to the surface.   
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Chapter 4  
Radar Reflectivity Based Convective Rainfall Change in South Florida: An  
Implied Effect of Land Use/Land Cover Change 
 
Kandel, H., A.M. Melesse, P. Zhu (2015) Radar Reflectivity Based Convective Rainfall 
Change in South Florida: An Implied Effect of Land Use/Land Cover Change, 
Hydrological Processes, (under review) 
Abstract 
The most plausible micrometeorological effects of drainage and development in South 
Florida are discernible in the increase of sensible heat flux and development of urban heat 
island above the urban centers. These effects alter timing, rate, and spatial axis of sea 
breeze convergence, thereby modifying the amount and location of surface induced 
convective precipitation. The present study is the first in South Florida showing a relation 
between land use land cover and radar based warm season convective rainfall for 
duration of 18 years. Base radar reflectivity from lowest elevation angle of the Weather 
Surveillance Radar (WSR-88D) is used to estimate the density and intensity of 
convective rainfall. Spatial density, intensity, and variability of ≥40 dBZ radar reflectivity 
obtained from the radar station in Miami (KAMX) for eighteen years (1995-2012) of 
synoptically benign three-hour summer afternoon are analyzed. Rain rate is calculated 
using a standard Z-R relationship. Analysis of land use land cover change is carried out in 
entire South Florida and eastern urbanized South Florida separately for the temporal 
range equivalent to radar data. The spatiotemporal comparison of radar reflectivity and 
derived rain rate indicates that both cell densities and rates of change of thunderstorm 
intensity are higher (mean density difference = 5.9/1000 Sq. km, difference in increase of 
rain rate = 0.24 mm/hr/summer) in urbanized South Florida compared to the entire South 
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Florida. Daily maximum rain rate is also found increasing at the rate of 6.43 mm/hr and 
6.67 mm/hr per summer for entire and urbanized South Florida, respectively. 
Key Words: Radar reflectivity; convective rainfall; urbanization; land cover change; 
South Florida; WSR-88D 
4.1 Introduction  
Land use land cover (LULC) in South Florida, here defined as the land area south of 
Lake Okeechobee, has been modified extensively since the early 20th century by 
anthropogenic activities such as wetland drainage, water management structures, 
deforestation, agricultural and pasture land expansion, and rapid development of 
settlements (McVoy et al., 2011). Changes in surface cover directly affect various 
physical parameters e.g., albedo, specific heat, and thermal conductivity that control 
absorption and disposition of incoming radiation at the Earth’s surface (Feddema et al., 
2005). Variations in surface albedo, specific heat, and soil moisture content determine the 
rate and magnitude of heat and moisture fluxes (Pielke, 2001). For instance, albedo, the 
reflective property of the Earth’s surface, modifies the absorption rate of solar radiation 
and hence modulates the forms of energy available at the Earth’s surface (Betts, 2001). 
Built-up areas store more heat than their rural surroundings, leading to the temperature 
gradient across urban-rural boundary and creating their own mesoscale convergence 
(Niyogi et al., 2011).  Physical properties of the underlying land surface have direct 
impact on the timing and magnitude of the land-water temperature gradient; thereby 
altering the structure and diurnal evolution of sea breezes and cumulus clouds (Schrieber 
et al., 1996, Rabin et al., 1990). Also, changes in spatial distribution of land cover types 
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can force local circulations, which can interact with sea breezes and cause convergence 
and convection (Pielke et al., 1991).  
Generally, precipitation can be classified into convective and stratiform (Houze, 1993) 
types.  Strong vertical velocity, small areal coverage and high rainfall intensity 
characterize convective regime; conversely, relatively weak vertical velocity, larger 
horizontal homogeneity, and lower rainfall intensity characterize stratiform regime. 
Convective systems are associated with an unstable or conditionally unstable atmospheric 
boundary layer (Baik et al., 2007).    
There are several studies on the mechanisms that create urban-induced convective 
precipitation. Enhanced convergence resulting, either from urban surface roughness or 
Urban Heat Island (UHI)-sea breeze-coastal interactions, and destabilization of the 
boundary layer resulting from UHI-thermal perturbation generating downstream 
circulation of convective clouds, are the possible suggested mechanisms for urban-
induced rainfall (Shepherd et al., 2002). Urban heat island is the positive temperature 
gradient in urban areas with the surrounding rural areas, which creates a pressure field, 
setting a concentric breeze into motion (Landsberg, 1970).  Dixon and Mote (2003), from 
their study of UHI initiated precipitation in Atlanta during 1996-2000, suggested that 
weak synoptic flow, slightly unstable atmosphere, high moisture content, and anomalous 
heat of UHI are conducive for the development of convective layers. Weak synoptic 
flows are favorable because strong advection tends to eliminate the local effect of UHI.  
Slight instability also favors convective cloud generation over the urban surface because 
intense convective mixing in highly unstable boundary layers also erases the local effect 
of UHI.   
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Shepherd et al. (2010) carried out a study of urban impact on coastal precipitation from 
the Houston area and noted a connection between the enhanced rain clouds and the 
convergence zones along the low-pressure urban fringe. They found that the interaction 
of UHI-sea breeze front not only amplifies the convective forcing but also induces 
secondary interaction precipitation which is an important contributor to urban rainfall 
budgets. Even though UHI in the city is more apparent after sunset (Oke, 1987), UHI 
induced circulation is more evident during the afternoon hours because of the urban-rural 
pressure gradient and vertical mixing in those hours (Shepherd and Burian, 2003). Carter 
el al. (2011) realized a large impact of urban environment on the evolution of sea-breeze 
mesoscale boundary from a modeling study of sea-breeze urban interactions in Houston. 
They observed decreased dwell-time of sea-breezes over urban area and increased 
strength of vertical velocity anomaly as sea-breezes accelerate and strengthen after 
coming into contact with the Houston urban area. They also noted that most of the 
interactions began between mid and late afternoon. 
Diem and Brown (2003) recognized that augmented input of surface to atmosphere water 
vapor from the irrigated areas, greater convergence from the rough urban surfaces, and 
enlarged cloud condensation nuclei of urban pollution as the possible causative factors 
for human-enhanced precipitation in urban Arizona. They further used a 108-year rain 
gauge record and showed statistically significant results of increased summer rainfall by 
11-14% during post-urban period in Lower Verde basin, Arizona. Similar other studies 
indicate that warm season rainfall increases by 9% to 17% in major cities. An extensive 
study of mesoscale and convective rainfall modification by major US cities, Metropolitan 
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Meteorological Experiment (METROMEX), showed increased precipitation in the 
summer months within 50-75 km downwind of the cities (Changnon et al., 1977).  
A summer time (May-August) radar image analysis during both day and night hours from 
2000 to 2009 in the Indianapolis urban area concluded that positive buoyancy within the 
urban environment during the day causes more changes in storm composition than during 
the night (Niyogi et al., 2011).  Ashley et al. (2012) used high resolution radar-based 
climatology for warm season convection in Southeastern U.S. cities and demonstrated 
significant details of urban effects on thunderstorm frequency and intensity. A large 
impact of the urban area on the timing and intensity of sea-breeze front (Kusaka, 2000; 
Ohasi and Kida, 2004 and Martilli, 2003) have been noted in several other cities of the 
world.  
Since surface driven convective thunderstorm is one of the primary processes responsible 
for the wet season rainfall in South Florida (Pielke, 1974), questing an association 
between the land cover change and convective rainfall is believed to be valuable for a 
better understanding of the spatiotemporal pattern of South Florida rainfall. Marshall et 
al. (2004) employed pre-1900 and 1997 land covers in an atmospheric numerical model 
and concluded that anthropogenic land cover change in the Kissimmee River Basin of 
Florida increased surface temperatures and decreased rainfall in the region.  
Several of the studies rely on results produced by coupled land surface -atmosphere 
numerical models simulating the specific events. There are many complications in using 
numerical models for the simulation of the atmospheric convection which cannot be 
overlooked. Parameterization representing the ground surface reality in models is always 
stacked with errors. These errors are propagated throughout the boundary layer during the 
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integration in various mathematical formulations. Furthermore, requirements of intensive 
data, and considerable time as well as the need of super capacity computing resources for 
the simulation make modeling a daunting task.   
To gain a preliminary insight on spatiotemporal rainfall pattern in South Florida, monthly 
rainfall summary from cooperative weather stations in South Florida were obtained from 
NCDC. Station total annual rainfall interpolated for two eastern sub-basins of South 
Florida showed a higher rainfall in the eastern coastal ridge, which is dominantly an 
urbanized area. Time series analysis of total annual rainfall for 1982-2010 revealed a very 
slight decrease throughout the period, beside noticeable year-to-year variability. Sole 
effect of LULC change on convective rainfall, however, needs to consider two important 
aspects (Lowry, 1998): 1) an analysis of the events only when the surface driven 
convection is active, which is during the afternoon hours in summer, and 2) exclusion of 
the synoptically influenced weather events from analysis.  
The present study with the motivation from the findings of previous radar based study 
carried out in Southeastern US cities by Ashley et al. (2012), employs radar reflectivity 
data for the analysis of the thunderstorms in South Florida. As opposed to a single event 
simulation or short time analysis, this eighteen-year study in South Florida is the first to 
analyze the nature of warm season thunderstorms for long period using base radar 
reflectivity. It covers three afternoon hours (12:00 – 3:00 PM LST) of the three summer 
months (June, July, and August) for the period of 1995 to 2012. The study separates the 
synoptic weather disturbances from the analysis in order to conform to the objective that 
the thunderstorms are the effects only of local surface thermodynamics. Using 
observational radar data, this work also aims to review the model based results of Pielke 
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et al. (2007), which concluded that changes on surface fluxes of moisture, sensible heat, 
and latent heat lead to the changes on warm season rainfall in a region of deep cumulus 
convection. The specific objectives of this study are to (1) analyze the spatial and 
temporal changes in radar reflectivity that characterize thunderstorms for South Florida, 
(2) identify and exclude synoptically active days from the study period, (3) Analyze 
spatial variation of LULC and quantify the LULC changes by major categories in South 
Florida and (4) compute the rain rate using reflectivity-rain rate (Z-R) relationship and 
relate that with LULC change.  
4.2 Study Area 
The spatial coverage of this study includes entire South Florida bordered by Lake 
Okeechobee, Florida Bay, Atlantic Ocean and Gulf of Mexico towards north, south, east 
and west respectively. Hydrologically, the area is comprised of six different sub-basins 
namely: Lake Okeechobee, Everglades, Big Cypress Swamp, Caloosahatchee, Florida 
Southeast Coast and Florida Bay-Florida Keys with the total area of 35,552 km2 (Figure 
4.1). Prominent land cover units such as Everglades Agricultural Area (EAA) towards 
north, three Water Conservation Areas WCAs- 1, 2, and 3 in the middle and conserved 
wetland, the Everglades National Park (ENP) in the south constitute the biggest 
watershed, the Everglades. Big Cypress Swamp is a partly forested and partly grassy 
swamp, consisting of slough and marshes, and intersected by canals in places.  
Florida Southeast Coast sub-basin is the mostly urbanized basin in the eastern part of the 
three counties: Palm Beach, Broward, and Miami Dade. This is the main urban region in 
South Florida housing Miami, Fort Lauderdale and Pompano Beach Metropolitan 
Statistical Areas (MSAs) and hosting major cities, such as, Boca Raton, Boynton, 
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Deerfield, Delray, Ft Lauderdale, Homestead, Kendall, Miami, Pompano Beach, and 
West Palm Beach. Two old cities: Naples and Everglades lie in the Big Cypress 
watershed in the west. Fort Myers, another old city in South Florida, lies in the western 
part of the Caloosahatchee basin. Lake Okeechobee and its shoreline constitute the 
northernmost watershed. For the purpose of spatial comparison, two overlapping spatial 
units, entire South Florida (ESF: -80.08W to -81.76 W longitude and 24.98 N to 26.93 N 
latitude) and Eastern Urbanized South Florida (EUSF: -80.08 W to -80.63 W longitude 
and 25.15 N to 26.93 N latitude) are selected (Figure 4.1). The southern strip of the 
Florida Bay and the Florida Keys are excluded from the analysis accounting their 
insignificant land areas to influence on the land-atmosphere dynamics of South Florida. 
Above all, the big water bodies and the vast wetland as the sources of moisture, and a 
narrow strip of urban land as a source of buoyant energy make South Florida a unique 
experimental site for this study. 
4.3 Methodology 
The type, source, and characteristics of the data and the methods of their analysis are 
presented in this section.  
4.3.1 Land use/Land Cover Change 
In general, the three natural classes of land use land cover: wetlands, water bodies and 
forests are the dominant surface cover types in the entire South Florida, which in the 
eastern part are replaced by urban built-up and agricultural covers. Various agencies  
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Use Land Cover Classification System (FLUCCS). The Florida Natural Area Inventory 
(FNAI) has developed an improved statewide land cover map called Cooperative Land 
Cover (CLC) in 2010 derived from local, regional, and site-specific sources. This latest 
available data is a compilation partly from the aerial photo review and partly from the 
land use land cover data developed by the Florida Department of Environmental 
Protection (FDEP) and water management districts in Florida. The data also use the codes 
as derived by FLUCCS.  Since both of these datasets, from 1995 and from 2010, contain 
standardized field names and were developed using similar sources with compatible 
scales, they were used in this comparative study.  Land use land cover change was 
reported in terms of percentage change of the major category from 1995 to 2010 in both 
the entire South Florida and the eastern urbanized South Florida. Also, LULC data of 
1996 and 2006 were accessed from Coastal Change Analysis Program (CCAP) for loss 
and gain analysis of the major land cover types in the three eastern counties.  
4.3.2 Historical Daily Weather  
The National Oceanic and Atmospheric Administration, National Weather Service 
(NOAA, NWS) archives the historical daily weather maps prepared by the Weather 
Prediction Center of National Centers for Environmental Prediction. Daily surface 
weather maps show isobars, locations of pressure highs and lows, wind speeds and 
directions, frontal boundaries, hurricanes, and tropical depressions, storms, waves. These 
maps show the analysis results based on the ground based station and upper atmospheric 
conditions of six, twelve or twenty-four hours before 7:00 AM Eastern Standard Time 
(EST).  
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Historical daily weather maps were read to identify the synoptic scale weather 
phenomena, such as: low pressures; cold and stationary fronts; tropical depressions, 
waves and storms; and hurricanes at the surface; and low pressures at the mid-
tropospheric level. Synoptic scale atmospheric motions range in size from 100 to 2000 
km horizontally, and can persist from days to weeks (Orlanski, 1975). A region 
approximately 500 km around the centroid of the study area was considered as an area of 
influence for synoptic systems while reading the daily weather map. The days with 
notable signatures of these events within 20° to 30° latitude and -75° to -85° longitude 
were identified, listed and later excluded from the analysis of radar metrics. Being larger 
in horizontal scale and longer in time scale, these flows identified on daily weather maps 
at 7 AM LST are interpreted as the weather disturbances for the corresponding afternoon. 
4.3.3 Radar Reflectivity  
Weather Surveillance Radar -1988 Doppler (WSR-88D), also called NEXt Generation 
Radar (NEXRAD), is an S band (10 cm wavelength) radar. Level II base reflectivity of 
the WSR-88D is the backscattered power of the returning signal after the emitted 
microwave energy from the radar strikes the hydrometeor target. The instrument collects 
echo at different elevation angles. The one used in this study is the echo from the lowest 
tilt angle of 0.5° with respect to horizontal. There are two resolution eras in the history of 
WSR-88D: the legacy era prior to 2008, and the super-resolution era after 2008. The data 
have a range resolution of 1 km (250 m) and azimuthal resolution of 1° (0.5°) for legacy 
(super resolution) era. The instrument averages all the scans for each five-minute and 
records them in eight bit digital format. A predefined control for pulse repetition 
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frequency and antenna rotation speed, called Volume Coverage Pattern (VCP), of the 
analyzed data is 21 and 12, as these are the designed VCPs to detect shallow and deep 
convective precipitations, respectively. Measured in logarithmic scale of decibels of 
reflectivity (dBZ), the reflectivity factor, Z, corresponds to the sixth power of drop 
diameter (ΣD6). Hence, the higher the reflectivity value, the larger is the size of the drop. 
The base reflectivity in precipitation mode has the dynamic range of 5 to75 dBZ, 
estimated standard deviation of 1 dB, range coverage of 0 to 460 km, range increment of 
1 to 460 km, and data resolution of 0.3 dB (WSR 88D functional overview, 2005).  
Radar reflectivity files of each five-minute intervals from the three afternoon hours 
between 1600 and 1900 UTC for Miami station (KAMX) were downloaded from the 
National Oceanic and Atmospheric Administration -National Climatic Data Center –
called Hydromet Decision Support System (NOAA-NCDC-HDSS). The three afternoon 
hours is the time period in which a major development of convection in both coasts 
occurs, along with the enhanced convergence and the stronger convective elements inland 
(Blanchard and Lopez, 1985). Extracted data were imported into NOAA weather and 
climate toolkit. With the help of this toolkit, reflectivity as the moment, 0.5° as the 
elevation angle, point shape file as the format, ESF and EUSF as the geographic 
boundaries, and 40 dBZ as the minimum reflectivity were extracted. Macro code in 
Microsoft Excel was used to merge the individual files. 
The results of radar reflectivity were prepared in five different forms: vertical profile, 
point (cell) density, maximum reflectivity, reflectivity variance, and daily maximum rain 
rate. Convective boundary layer is taller vertically, but narrower horizontally. Therefore, 
a vertical cross section of radar reflectivity is diagnostic in distinguishing stratiform and 
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convective types of precipitation. Stratiform precipitation, having been fairly 
homogenous in horizontally, gives rise to layered structure in the vertical cross sections. 
On the other hand, convective precipitation appears on a radar as a tall column of high 
reflectivity (Houze, 1997). Reflectivities from all elevation angles were extracted from a 
selected area around Miami International Airport (MIA) for two time periods 16:02 UTC 
and 18:16 UTC for August 17,1995. The time stamps correspond with no thunderstorm 
and thunderstorm events, respectively, as observed in the hourly historical weather 
records of MIA obtained from wunderground website. The vertical profiles of 
reflectivities and corresponding radar echo maps for those two events were compared.  
Number of high echo cells (≥40 dBZ) were counted and divided by the areas of the 
respective study sections in order to get the average cell density. The density calculation 
facilitates the comparison of thunderstorm distribution between ESF and EUSF. The cell 
density analysis was limited until 2007 because the super resolution counts cannot be 
compared directly to the legacy counts.  
In order to make the maximum reflectivity and variance results of the legacy era 
comparable with the super resolution era, a simple linear relative difference algorithm 
was formulated and applied as an up-scaling factor. The super resolution data is four-
times finer in range, and two times finer in azimuth than the legacy data. Therefore, focal 
statistics was calculated taking eight cells as neighborhood (four cells along height and 
two cells along width) using the focal statistics tool in ArcGIS. Separate relative 
difference (RD) factors for maximum reflectivity and variance were derived using the 
following simple linear method:  
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 )1(1-(Var.).MaxFocal
Max.(Var.)ResolutionSuper
=RD  
The idea is that the focal maximum (Focal Max.) and the focal variance (Focal Var.) 
derived from eight adjacent cells up-scale the super resolution to legacy resolution at 
their best approximation. The RD was found to be 0.04 for maximum reflectivity, and 
0.44 for reflectivity variance.  
The maximum reflectivity and variances were computed for each five-minute intervals. 
Average maximum reflectivity and variance of a day represent spatial maxima and spatial 
variances from each five –minutes, which were averaged for three hours (thirty six 
sweeps). Two arbitrarily divided time phases, 1995 to 2003 as the early phase and 2004 
to 2012 as the late phase, were used for temporal comparison. Statistical significance was 
tested using paired sample t-test that compares two periodic means of the data drawn 
from similar population. 
Finally, the rain rate from each daily maximum reflectivity was calculated for both units, 
ESF and EUSF. The following standard Z-R relationship was used in order to calculate 
the rain rate:  
Z = ARୠ																																																																		 (2)  
where R is the rain rate (mm/hr), and Z is the equivalent reflectivity. The reflectivity 
factor  (dBZ) and the equivalent reflectivity Z (mm6m-3) has the relationship of dBZ = 
10logZ, such that, for Z = 1 mm6m-3, the reflectivity factor is 0 dBZ; likewise, for Z = 105 
mm6m-3, the reflectivity factor is 50 dBZ. The fitting coefficients used in Z-R relationship 
are A = 300 and b =1.4, which were developed for convective events (Fulton et al., 
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1998). A time series decomposition of daily rain rate was carried out in order to obtain 
monthly components. 
4.3.4 Wind, Temperature, and Moisture 
Being that South Florida is bordered by major water bodies in all four directions, sea and 
lake breeze circulations play a crucial role in its weather, particularly in warm season 
precipitation. As study results suggest, for example, 10-40% of the continental 
precipitation is contributed by local water vapor (Burbaker, 1993), a better insight on 
convective precipitation can be gained by analysing wind divergence, moisture status and 
surface based convective available potential energy (CAPE) of the region. Lower level (2 
m and 10 m elevation) wind, temperature and relative humidity data obtained from the 
Florida Automatic Weather Network (FAWN) were used in this section. Summer 
afternoon wind speeds and directions from two representative stations (Immokalee for 
natural cover, and Ft Lauderdale for urbanized cover) at 10 m elevation were used to 
calculate the wind component vectors u and v. The u and v were averaged for a summer 
from each stations and a trend was obtained from the available South Florida stations. 
The trend was removed and the deviations were employed to derive the divergence as 
given in (3): 
 Div = 	 డ௨డ௫ +
డ௩
డ௬ 																																																																		(3) 
where the first and second terms on the right are the horizontal gradients of zonal (u) and 
meridional (v) components of wind, respectively from Fort Lauderdale to Immokalee 
stations. Unavailability of longer time series data at other stations limit this analysis only 
for these two locations. 
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Specific humidity from three stations (Ft Lauderdale, Homestead, and Immokalee) was 
computed using (4) with summer time daily average temperatures and relative humidities 
at 2 m level as two input variables obtained from FAWN. 
RH = 	 ݍݍ௦ 																																																																		(4) 
where q (kg/kg) is specific humidity; qs (kg/kg) is saturated humidity (= e.es/P, e = 0.622, 
es, the saturated vapor pressure = e0× exp [(L/Rv)×(T-T0)/T×T0)], e0 = 0.611 kPa, T0 = 
273.15° K, T = temperature in Kelvins), P is the atmospheric pressure and is assigned as 
100 kPa, Rv is the gas constant for water vapor which is equal to 461 JK-1kg-1, and L 
(latent heat of vaporisation) is equal to 2.5×106 J.kg-1. 
Convective Available Potential Energy (CAPE) is the sum of the positive buoyant energy 
(in joules per kilogram) a rising parcel would possess as it travels from the Level of Free 
Convection (LFC) to the Equilibrium Level (EL) as defined in equation (5):  
		න ௣ܶ௔௥ − ௘ܶ
௘ܶ
ா௅
௅ி஼
݃݀ݖ																																																																	(5) 
where Tpar is the temperature of the parcel in different elevation levels, Te is the 
equivalent level ambient air temperatures, g is acceleartion due to gravity (9.8 ms-2) and 
dz (m) is the change in elevation  between two calculation levels. The LFC and EL are 
the lower and higher elevation points where ambient and parcel temperatures intersect. 
Environmental air temperatures are used from the upper air sounding data of Miami 
radiosonde. The following lapse rates were used in order to assign temperatures to the 
ascending air parcel in different atmospheric levels: 9.8 °C/km below lifting 
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condensation level; 4 °C/km between LCL and 2 km; and 5 °C/km, 6 °C/km, 7 °C/km, 8 
°C/km for each elevations levels between 2 to 5 km, 5 to 6 km, 6 to 7 km, and 7 to 8 km 
respectively. The lowest level lapse rate (9.8 °C/km) was repeated for the levels above 8 
km. First, the observed temperature and relative humidity were averaged at each 
elevation levels from all summer evenings and those averages were used to calculate one 
representative CAPE value for  a summer (Appendix 8).  
4.4 Results 
This section presents the results of the analysis of population status and land use land 
cover; synoptic weather; radar reflectivity; wind divergence, air temperature, humidity; 
and CAPE in both illustrative and statistical terms. 
4.4.1 Population and Land Use/ Land Cover  
Population change is a direct measure of the changes in land use land cover for any 
geographic unit. More than 5.5 million people live in urban clusters of the eastern three 
counties of South Florida: Miami Dade, Broward, and Palm Beach with a rate of increase 
of nearly one million (> 20%) per decade (Figure 4.2). Expansion of developed areas in 
the period between 1995 and 2010, i.e., low intensity (+0.49%), medium intensity 
(+0.78%) and high intensity (+0.51%) appeared to replace the scrub/shrub (-0.39%), 
pasture/ hay (-0.51%), and cultivated crop land (-1.02%) in these counties (Figures 4.3 
and 4.4).  
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4.4.3 Radar Reflectivity 
4.4.3.1 Thunderstorm Detection 
The profiles in Figure 4.5, which show vertical cross sections of radar reflectivities from 
the selected area around MIA, clearly dintinguish thunderstorm event. Thunderstorms are 
apparent from the cluster of near surface ≥ 40 dBZ reflectivities with the profile height of  
above eight kilometers (Figure 4.5- 2:16 PM). On the other hand, the non-thunderstorm 
profile has the reflectivities restricted below 20 dBZ, and the profile height below three 
kilometers (Figure 4.5 -12:02 PM).  
4.4.3.2 Point Density 
Both mean and median values of point density demonstrate spatially denser thunderstorm 
distributions in EUSF (Table 4-2, Figure 4.6). Gently negative slopes of the linear 
regression manifest declining rates of number of thunderstorm cells in both ESF and 
EUSF, with slightly lower declining rate in the later. However, the null hypothesis that 
the cell densities do not change through time could not be rejected. Monthly averages of 
point density are in decreasing order from June through August, among which, June 
stands with prominently greater density (+ 25% of August ) compared to July (+1% of 
August) and August. It sheds light on the fact that June over the three summer months 
tends to favor the formation of much more thunderstorm cells. The higher standard errors 
for EUSF compared to ESF account for greater point density difference between June, 
July and August.   
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Table 4-1 Synoptic weather events within the influencing zone of 500 km around South Florida for the period: 1995-2012. 
Synoptic 
Events 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 
Low Trough 
June:21-
25, 30, 
Aug: 
23,29,30,
31 
June2
7 
Aug: 
11,12,2
3 
Aug:1
3 Aug:5 
July: 
29, 
Aug: 
30, 
June: 
27, 
July: 6 
June: 11-
13, 20-
22, July: 
1-3, 10, 
24, Aug: 
3, 30 
              Aug: 8,9 
June: 11-
12, July: 
2,7-8, 
Aug: 2, 
15,17 
June: 2, 
14, 20, 
27, 
July:13, 
15, Aug: 
4 
Surface/Mid-
Tropospheric 
Low 
July:18,1
9 
Aug:22, 
24 
June: 
29 
June: 
11, 
June:2
6, 
July:1
2-14, 
Aug:2 
June:
16 
June: 
10,11, 
July:19
, 
Aug:9,
29 
  
July: 
25, 
27,28, 
Aug: 
14, 
22,26 
July: 
29-
31, 
Aug: 
1, 8, 
10 
June: 
20,22, 24-
25, July: 
29,31, 
Aug: 
23,25 
June: 
25,26, 
July: 
20-22, 
Aug: 
15,16 
June: 
13,22, 
July:2
3, 
Aug: 
24,31 
July: 
16, 
Aug: 
19-23, 
31 
 
Aug: 
10,11, 
23 
July: 17-
18, Aug: 
7,  
Cold Front June:13,   
Aug: 
6,7,22,
23 
June:7   
June: 
7, 
July:2,
8 
June: 
17,24, 
July: 
14, 
Aug: 
22 
June: 
15,17 
June: 
23 
July: 
20, 
Aug 
6-7 
  
June: 
4,6, 
July: 
7, 9 
July: 
22, 
Aug: 
1-2 
June: 
18-19, 
July: 
112,1
6, 
Aug: 
9,10 
June: 
23, 
July: 
20, 
Aug:2
3-25 
June: 8 Aug: 29 June: 2, 14 
Occluded Front   
June:3
0, 
Aug: 
15 
Aug:24                           Aug: 16,17 June: 7-9 
Stationary Front     
Aug: 
8,9,26,
27 
June:8
, Aug: 
2-5,21 
  July: 3,25,26 
July: 
15-17, 
Aug: 
1, 15, 
June: 16 June: 24   June: 19 
July: 
8, 
Aug: 
14 
July: 
4     
July: 
2-5     
Tropical Storm             Aug: 3-6 Aug: 7 
June: 
30, 
July: 
13-14, 
Aug: 
15 
Aug: 
2 
June: 10-
11, July: 
5,6, 22 
June: 
12-13, 
July: 
20, 
Aug: 
29 
June: 
2 
Aug: 
4, 
20,23 
  July: 24 July: 19 
June: 24-
25 
Tropical Wave             
June: 
28, 
Aug: 2 
       July 24 *TC           Aug: 31 
July: 11, 
12, 17 
Tropical 
Depression                 
July: 
16   
June: 12, 
Aug: 24 
June: 
14   
July: 
19   
Aug: 
11 Aug: 7 June:27 
Hurricane  June: 4,5               July: 15 
Aug: 
13, 
14, 
15 
July: 9,10, 
Aug:25-
29 
Aug: 
30,31   
July: 
23, 
Aug: 
20-23, 
31 
  Aug: 31 
July: 18, 
Aug: 25, 
26 
June: 26, 
Aug: 26-
28 
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Table 4-4 Statistical results of comparison of maximum reflectivities and reflectivity 
variance using paired sample t-test for early and late phase. 
Pairs Coverage 
Paired Differences 
t 
Sig. 
2-
tailed µ σ 
Std 
Error 
Mean 
95% confidence 
interval of the 
Difference 
Lower Upper 
Max 04 to 
12– Max 95 
to 03 
Urban 0.55 2.06 .21 .13 0.98 2.58 .011 
Max 04 to 
12– Max 95 
to 03 
Entire 
SF 0.87 2.10 .21 0.43 1.30 3.95 .000 
Var 04 to 12- 
Var 95 to 03 Urban 0.19 1.48 .15 -.11 .50 1.25 .21 
Var 04 to 12-
Var 95 to 03 
Entire 
SF 0.49 1.36 .14 0.21 0.77 3.46 .000 
 
Likewise, July has as a moderate change (8.9% in ESF and 10.3% in EUSF) and June, 
has the smallest change (4% in ESF and -8.8% in EUSF). The negative change of rain 
rate from early to late phase in June is similar to negative change in reflectivity variance, 
but this is contradictory with the point density which is increased in June. 
Comparison of the daily maximum rain rate for ESF and EUSF are shown in Figure 4.9 
and phase-wise statistics are presented in Table 4-3. Visual inspection of the graph shows 
that daily maximum rainfall intensity for ESF is slightly higher compared to EUSF. Years 
seven, ten, and eighteen corresponding to 2001, 2004, and 2012, and years six, nine, and 
fourteen corresponding to 2000, 2003, and 2008 show above average peaks of rain rate 
for ESF and EUSF, respectively. Similarly, rain rates in years one to three and eleven to 
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thirteen are below average for both spatial units. Rain rate in year fourteen is above 
average for EUSF, whereas for ESF the rain rate in year fourteen is below average. 
The trends of daily maximum rain rate and the subsequent regression statistics, resulting 
a rain rate increase of 6.43 mm/hr and 6.67 mm/hr per summer (ɑ < 0.005) for ESF and 
EUSF, respectively, elucidates the significant enhancement of overall rain rate with 
slightly higher rate for EUSF (Figure 4.9). Decomposition of the monthly rain rate time 
series of EUSF produced largest factor for August (5.51 mm/hr) followed by July (0.47 
mm/hr) and June (-5.98 mm/hr). 
 
Figure 4.9 Time series daily maximum rain rate averaged by each summer (blues) for 
ESF (ERR) and EUSF (EURR) derived from radar and summer-average surface based 
CAPE (red) derived from Miami radiosonde. 
4.4.4 Atmospheric conditions 
The trend removed divergence does not take the prevalent wind direction into account. 
Hence the results (Figure 4.10) obtained for diveregence are the values of local 
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the synoptic scale disturbances to focus its aim on examining the changes on nature of the 
thunderstorms that are induced by local scale surface feature variation interacting with 
the peninsular scale breezes. The study assumes the effects of the flows, such as Atlantic 
Multidecadal Oscillation (AMO) and El-niño Southern Oscillation (ENSO), are either 
erased from the long term trend or canceled out  by their own opposing phases.  
Variations in landscape are capable of generating strong local circulations when the 
wavelength of surface heating is about the Rossby radius, which is closely equal to 90 km 
(Pielke, 2001). The increased roughness length (rural: 0.001 to urban: 1.5), and reduced 
albedo (rural: 0.23 to urban: 0.15), along with the lower specific heat, lower emissivity, 
and higher thermal conductivity of urban surface fabrics, result in the increased Bowen’s 
ratio (urban: 4-5 from rural: 2) (Brutsaert, 198, Oke,1978 ). Acknowledging the above 
changes as the norm, the convergence towards Fort Lauderdale (Figure 4.10), which 
exhibits a warmer day time temperature, can be interpreted as the effects of the surface 
cover. The evidence of convergence at only one location is hardly sufficient for drawing 
any definite conclusion as to the entire urbanized area. However, on the basis of a few 
years’ analysis results showing divergence from Ft Lauderdale to Homestead and to Belle 
Glade, it is reasonable to assume that the axis of convergence lies a little west of urban 
fringe. The apparent shift of the axis of convergence slightly towards the west of the 
urban fringe is not completely understood; nevertheless, it may be attributed to the 
pushing effect of relatively stronger easterlies. Still, it confirms the indications of the 
previous studies that the sea breezes from the east and west converge and collide in the 
Florida east coast, invigorating the thunderstorms there.  
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The monthly average temperatures for Florida revealed that July and August, which have 
very close average temperatures, are warmer by about 1°C than June. Therefore, urban 
convergence and subsequent convection can be expected to be relatively more vigorous 
in July and August than in June allowing the thunderstorm cells to be larger in general. 
The peak rain rates in August, followed by July suggested by monthly factors of the time 
series rain rate in the EUSF are consistent with the temperature variations, indicating high 
temperature areas and seasons to be more conducive for larger rainfall intensity.  
Bearing the evidences that the heavily urbanized cities wider than 10 km can clearly 
interact with mesoscale circulations (Yoshikado, 1994), it is quite possible that the 
thunderstorms classified as benign are the results of interaction of UHI with sea breezes. 
It is likely that each cluster of built-up areas, separated by urban parks, ponds and lakes, 
may have acted as individual convergence zones and developed convective cells resulting 
in the higher thuderstorm density in the EUSF. It could also be possible that the 
anthropogenic activities in urban centers increase concentrations of pollution-derived 
cloud condensation nuclei, which typically produce more and smaller droplets than 
natural clouds do (Alkezweeny et al.,1993).   
Despite the slightly declining trend of CAPE, the established correlation between rain 
rate and surface based CAPE suggests that the surface thermodynamics can explain the 
change in the rain rates. As reported by Pielke (2001), change in dew point temperature, 
which is the function of moisture, produces a greater effect on CAPE in warmer 
atmosphere. Hence, decrease in CAPE can be attributed to the decrease in moisture on 
the surface. Increase in specific humidity (0.11 g/kg year-1, p = 0.005 ) at Fort Lauderdale 
would certainly increase CAPE thereby increasing the convective rainfall. On the other 
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hand, a very negligible increase in specific humidity at Homestead and a decrease in 
Immokalee imply less effective convective strengths at those locations.  
The uncorrelated portion of the rain rate with the surface based CAPE perhaps links the 
convective rainfall with the mechanisms other than surface induced convection. One of 
such mechanisms could be the sea-breeze front outflow convergence that directly affect 
mid-trophospheric moisture, as pointed out by Shepherd et al. (2001).  
The warmer and moister surface in South Florida in the late summer may have increased 
the CAPE resulting in an increase of thunderstorm intensity, which agrees with what 
Pielke (2010) has found. Patchy convergences resulting in focussed CAPE as opposed to 
widespread convection are attributed to the higher density and lower intensity 
thunderstorms during early summer. In addition, the absence of mergers in the upper 
level, because of more cleaner convections that are less influenced by the remnants of 
synoptic systems, can result into numerous, but weaker thunderstorms in June. 
Both maximum reflectivity and rain rates indicate the occurrence of most of the intense 
thunderstorms in urbanized portions. Because ESF covers the eastern urbanized portion, 
plus the western vast wet, grass, and forested land, the slightly higher rain rate in ESF 
compared to EUSF is not only insubstantial, but also disproportionate with the land area 
it covers. Lower mean differences  of variance between early and late phases, but higher 
standard deviations in EUSF than in ESF, suggest that year to year variations of 
convective response of the land cover are less than the variation with underlying land 
surface. Despite the smaller spatial coverage of EUSF, the closer statistics of five-minute 
maximum reflectivity and daily maximum rain rate of EUSF with that of ESF is a clear 
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indication that urban portions account for a considerable amount of changes observed in 
these variables.  
As noted by Shepherd et al.(2010), a moistened lower troposphere along with a source of 
lift are  necessary conditions for the development of convective rainfall. Concentration of 
higher intensity thunderstorms in eastern areas than in western areas is consistent with the 
Pan et al. (1996) observation that that local rainfall is enhanced with the increase in soil 
moisture only when the lower atmosphere was thermodynamically unstable and relatively 
dry. They also noted that it is decreased when the atmosphere was humid and lacked 
sufficient thermal forcing to initiate convection.  
It is difficult to determine exactly how the slight decrease in thunderstorm density and 
increase in intensity would  eventually impact the total rainfall in South Florida. 
Therefore, rather than making a comparative statement between the results from this 
study and the conclusion of Pielke et al. (1999) modeling, which states that the spatially 
averaged grid total rainfall decreases in response to conversion of landscape from natural 
to anthropogenic, this study agrees with their findings that  some locations along the 
coast show a modest increase in rainfall.  
4.6 Conclusions and Recommendations 
South Florida represents a unique study site comprised of a mosaics of land cover. The 
land cover ranges from wet, water, forested, and scrub/shrub type natural covers in the 
west and middle to crop/pasture and urban covers towards notrtheast and east with a clear 
signature of UHI. Moreover, provenance of sea and lake breezes in the surroundings 
make South Florida a real experimental laboratory for the study of locally induced 
convective rainfall. Replacement of natural areas by anthropogenic cover is the general 
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mode of  land use land cover change noticed particularly in South Florida during the 15 
year period of 1995-2010. With the rapid increase of population, land use land cover in 
the eastern coastal counties gained medium and high intensity developed type of 
residential land use losing crop, pasture and scrub/shrub between 1995 and 2006.  
The present study used radar data from Miami station (KAMX) and statistically 
differentiated the multi-year average of radar reflectivity from three-hour summer 
afternoons (12:00–15:00 LST). Three simple measures were obtained: maximum 
reflectivity, reflectivity variance, and maximum rain rate. The total duration of the study 
of 1995 and 2012 was arbitrarily divided into two phases of multiple years, 1995-2003 
and 2004-2012, representing the early and the late phase temporally. It also divided the 
spatial coverage into two land units: entire South Florida and eastern urbanized South 
Florida. Point density, the fourth measure, that represents cell density of thunderstorms, is 
analysed as a long term trend of 5-minute counts and the average counts by day. 
Thoroughout the study period, the results are a slight decrease in thunderstorm density, 
but a significant increase in the intensity of reflectivity, and the rain rates. The reflectivity 
variance is significantly higher for the later phase in the entire South Florida. The vertical 
profiles of reflectivity, and the echo display maps, which were verified with the observed 
records of hourly weather confirmed that above 40 dBZ reflectivity is the effective 
measure for thunderstorm identification. 
The spatial and monthly variation and the increasing temporal trend of the intensity of 
summer afternoon convective rainfall, supported by the moderately positive correlation 
between surface based CAPE and the rain rate corroborates the statement, at least in 
certain degree, that the surface thermal properties interacting with converging sea breezes 
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induce convective rainfall in South Florida. A weaker rain rate enhancement and lower 
cell density in ESF than in EUSF also warrants the role of urban landscape on 
thunderstorm intensity. Since biases of radar-estimated rainfall have been reported, 
further work is recommended to derive  site-specific parameters in Z-R relationship, and 
to validate with the observed storm rainfall in order to treasure the results for operational 
use.   
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Chapter 5  
Conclusions and Recommendations 
The present study examines three critical effects of the land use/ land cover change in 
South Florida. First, it examines the effect land cover change has on land surface and 
surface layer atmospheric temperature as well as the urban heat island. Second, it 
investigates the variation of the distribution of radiant energy and surface energy balance 
by land cover type. The analysis of energy partitioning quantifies the turbulent transfer of 
heat and water to the atmosphere, and the conductive transfer towards the sub-surface. 
Finally, it analyzes the density and intensity of synoptically-benign convective rainfall, as 
a result of energy and moisture contrasts on the surface.  
To address the research questions, data for the land surface and near-surface-atmosphere 
were utilized from remote sensing products (Landsat, radiosonde, and radar) and ground- 
located meteorological stations. The extent of urbanization in South Florida was 
quantified using land use land cover maps of 1974, 1992, 1995, 2006, and 2011 for 
spatial coverage of all of South Florida, coverage equivalent to land area of Landsat 
image (Path 15, Row 42), and for the eastern urbanized South Florida. Day and night-
time surface and near-surface heat island in the urban area was delineated using Landsat- 
derived surface temperatures and summer-time daily minimum temperatures, 
respectively. In addition, changes in diurnal temperature range, and lifting condensation 
level, a function of surface level temperature and relative humidity, from Miami 
radiosonde data in summer months, was analyzed. Surface cover parameters (roughness 
length and zero plane displacement height) derived from land cover maps, air 
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temperature, wind speed and vapor pressure from weather stations in South Florida, and 
land surface temperatures from Landsat estimations were employed in empirical and 
physically-based models of energy balance. And finally, radar reflectivity ≥ 40 dBZ for 
summer afternoons were analyzed to estimate the density and intensity of thunderstorms 
for South Florida and the eastern urbanized part of South Florida separating the effects of 
synoptic weather.  
Growth of 10% in urban area is found with a resultant major loss in range lands (12%) 
between 1974 and 2011. The results of associated changes in radiative, thermophysical, 
and aerodynamic properties along with their derivative energy fluxes and surface-induced 
convective rainfall support the following conclusions.  
Distinct manifestation of the urban heat island is displayed by variety of measures. A 
difference in minimum temperature between urban and natural areas (≈ 4°C) with a rise 
of 0.5 °C - 1°C over 40 years, heightening lifting condensation level in the atmospheric 
surface layer (>20 m), and declining diurnal temperature range (DTR = -1°C, p = 0.005) 
from station-based and radiosonde results are observed. These findings on the signatures 
of UHI are further corroborated by higher Landsat-based land surface temperatures 
(ܮܵܶu-r = 2.8 °C) in urban areas. With the expansion and intensification of urban land, 
average emissivity decreased by 0.015 coupled with no surfaces for latent heat loss in 
high intensity developed cover attests the fact that additional storage of incoming 
radiation during the day and its release during the night is the most plausible explanation 
for the rise of nocturnal temperature. Significant UHI intensity in South Florida increases 
the awareness that even with the neutralization effect of breezes, a subtropical coastal city 
can also build its own microclimate. Also, urban open spaces behaving very closely to 
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natural lands as noted from Landsat-based temperatures is an implication that alternate 
patches of buildings and pavements, and parks and ponds help alleviate UHI stress for 
urban dwellers.  
Anthropogenic conversion of land cover in South Florida is found to modulate the energy 
partitioning. In contrast with other rural-urban comparisons, the albedos are highest for 
high-intensity developed land and lowest for water and herbaceous wetlands, uniqueness 
rooted in the geographic setting of South Florida. The greatest net radiation is observed in 
water and wetlands, possible reflections of their lower surface temperatures and lower 
albedos. Bowen’s ratios are increased in urban areas (considering the energy closure) 
from 1.67 in 1984 to 3.06 in 2010, and are decreased in natural lands (water, wetland, 
rangeland and forested land) from the average value of 0.92 in 1984 to 0.36 in 2010. 
Considerable increase of daily ET rates from agricultural areas (0.21 mm/day in 1984 to 
3.60 mm/day in 2010) is perhaps linked with improved BMPs in EAA that allow 
agricultural surfaces to remain moister than before. Owing to a profound increase in 
sensible heat flux and a slight decrease of emissivity, urban areas showed a reduced heat 
transfer towards ground in 2010 from their 1984 value. The energy deficit in urban areas 
suggests a significant contribution of energy expelled by human activities in cities. More 
efficient moisture transfer from vegetated wetlands than from open water could be a 
crucial piece of information from the water conservation perspective. Likewise, different 
rates of evapotranspiration and ground conductance of heat from different types of forest, 
such as the expectation of least subsurface flux as estimated in 1984 and negative 
sensible heat flux as estimated in 2010 from deciduous forest are valuable information for 
urban forestry.  
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The present study presents an analysis of eighteen year-long radar reflectivity-based 
summer afternoon convective rainfall for the first time. A slight decrease in the density 
but progressive increase in the intensity of summer-afternoon thunderstorms obtained 
from the radar reflectivity suggests an ongoing enhancement of surface- induced 
convection in South Florida. A moderate correlation (0.42) between synoptically-benign 
daily maximum intensity of convective rainfall and surface-based CAPE verify our 
hypothesis, to a certain level, that changes in surface thermal properties can stimulate sea 
breeze convergence to alter local updraft and the intensity and pattern of thunderstorms. 
Higher rain rate (+0.24 mm/hr per summer), and a larger correlation coefficient of rain 
rate with CAPE (+0.04) from urban areas is suggestive of stronger convective 
enhancements there.  
Consistency of the data remains a major constraint in this analysis. Cloud cover in the 
summer-time Landsat images, availability of only one radiosonde station for the upper air 
observations, nonexistence of eddy covariance towers for the validation of urban energy 
balance, and absence of locally-regressed coefficients for radar rain rate estimations were 
some noteworthy challenges. Appraising these limitations, this study strongly 
recommends further studies aimed at the development of a more robust cloud masking 
algorithm for improved Landsat-based estimations, acquisition of ground heat flux data 
for energy balance validation, inclusion of anthropogenic energy in the energy balance, 
and the development of a local fit coefficient for radar-rain rate estimation.  
To sum up, this study is a first of its kind in South Florida that interlinks the surface and 
climatic response of land cover change to changes in sensible weather. This study has 
implications in a broad array of disciplines that range from urban health, wetland 
132 
 
ecology, urban microclimatology and hydrology, particularly the extreme events, such as 
drought and floods. The results may also be valuable in the aspects of land, water, and 
agricultural managements as the study is suggesting the possible causes of higher water 
loss from vegetation and heat stress in urban areas.  
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Appendix 1 Percentage changes in land cover within 10 km radius of selected 
stations 
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Land Cover
Stations/Year 1974 2011 1974 2011 1974 2011
Naples 51.84 41.66 40.76 57.5 8.14 0.83
Miami 17.14 11.39 75.52 88.3 7.34 0.32
La Belle 44.37 34.6 4.17 16.6 51.65 48.81
Big Cypress 69.86 60.4 8.59 1.6 21.54 37.86
Wet, Water, Forest and Range Urban and Barren Crop and Pasture
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Appendix 2 ArcGIS raster calculator methods of computing NDVI and emissivity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
137 
 
NDVI 
1. Band 3 and band 4 exported using extract sub-dataset 
2. Raster Calculator algorithms: 
(Float (band4)/10000-Float(band3)/10000)/ (Float (band4)/10000+Float(band3)/10000) 
% 10000 is scale factor 
3. Landwater NDVI = SetNull("zhu_fmask" >= 2,"ndvi ") in raster calculator 
4. Basin_lwndvi = extract by mask 
EMISSIVITY 
1. Basin_lwb3 = Float("band3")/10000 
2. Raster calculator algorithms: 
PvPrepNDVI = SetNull("basin_lwndvi" < 0.2,SetNull("basin_lwndvi" > 
0.5,"basin_lwndvi")) % sets real ndvi values for 0.2≤ndvi≤0.5, otherwise null 
Composite_Pv = Con("basin_lwndvi" < 0.2,0,Con("basin_lwndvi" < 
0.5,Square(("PvPrepNDVI" - 0.2) / 0.3),1)) 
emissivity = Con("basin_lwndvi" < 0.2,0.980 - 0.042 * 
"basin_lwb3",Con("basin_lwndvi" < 0.5,0.986 + 0.003 * "composite_Pv",0.985 + 0.005)) 
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Appendix 3 Percentage cloud free versus Landsat-estimated urban surface 
temperatures 
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Appendix 4 Intermediate results obtained in the process of energy flux estimations 
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Variable Date Average (standard deviation)
7-May-84 996.98 Wm-2
16-Jun-10 1021.68 Wm-2
7-May-84 390.63 (±2.12) Wm-2
16-Jun-10 411.19 (±0.2) Wm-2
7-May-84 0.986 (±0.004)
16-Jun-10 0.987 (±0.004)
7-May-84 455.90 (±18.28) Wm-2
16-Jun-10 448.48 (±12.89) Wm-2
Solar Influx
Downwelling Long Wave
Surface Emissivity
Upwelling Long Wave
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Appendix 5 The difference maps (2010-1984) of sensible (H) and latent (L) heat 
fluxes in South Florida. µ is average and σ is standard deviation from the whole 
analysis area 
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Appendix 6 An example of ground heat flux (equation (12)) calculation except the 
term I using hourly air temperatures.  
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Year Month Day Time T (k) T_Surf (K) s (Hr) s(Sec)
Sum(preceeding 
column) pr.cell
1984 5 7 700 298.15 299.09 0.0314 0.0354
1984 5 7 800 298.15 299.09
1984 5 7 900 298.15 299.09
1984 5 7 1000 298.15 299.09
1984 5 7 1100 297.55 298.49 0 0 0.0047
1984 5 7 1200 298.75 299.69 1 3600 0.0049
1984 5 7 1300 299.85 300.79 2 7200 0.0058
1984 5 7 1400 300.95 301.89 3 10800 0.0076
1984 5 7 1500 302.05 302.99 4 14400 0.0083
1984 5 7 1600 302.55 303.49 5 18000
ܶ௜ାଵ − ܶ௜
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Appendix 7 Frequency distribution of synoptic events during the study period 
analyzed by reading historical daily weather maps 
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Appendix 8 A sample Matlab code used for CAPE calculation 
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